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ABSTRACT 


A  laboratory  means  for  the  generation  of  ultrahigh  energy  density  states  of 

matter,  corresponding  approximately  to  0,1  -  1.0  W/atom  at  solid  density,  is 

currently  under  development.  This  enables  the  production,  in  a  convenient  laboratory 
environment,  of  energy  densities  comparable  to  those  occurring  in  thermonuclear 

environments  and  stellar  interiors.  The  method  being  developed  in  our  laboratory 

involves  a  unique  combination  of  three  basic  elements.  They  are  (a)  a  new  extremely 
high-peak-power  ultraviolet  laser  technology  (femtosecond  rare  gas  halogen  systems), 
(b)  energy  deposition  stemming  from  high-order  multiphoton  processes,  and  (c)  a 
mode  of  channeled  propagation  that  arises  in  the  strong-field  regime.  The 
compatibility  of  these  three  independent  considerations  is  a  key  and  unique  feature 
of  the  approach.  The  use  of  this  technology  will  permit  the  study  of  new  realms 
of  atomic  phenomena.  Specifically,  the  areas  involve  (1)  ultrahigh  brightness 
laser  technology,  (2)  the  behavior  of  matter  in  very  strong  fields,  (3)  the  properties 
of  highly  stripped  ions,  (4)  the  characteristics  of  dense  highly  non-equilibrium 
plasmas,  (5)  new  high— field  modes  of  electromagnetic  propagation,  and  (6)  the 
possibility  of  a  laser-driven  means  for  the  excitation  and  control  of  nuclear 
reactions. 
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I.  INTRODUCTION 


The  availability  of  an  ultraviolet  laser  technology1  >2  capable  of  producing 

subpicosecond  pulses  with  energies  at  the  joule  level  in  low  divergence  beams  at 

high  repetition  rates  is  making  possible  a  new  regime  of  laboratory  scale  physical 

study  concerning  the  behavior  of  matter  at  extremely  high  energy  densities  and 

field  strengths.9**  With  this  new  experimental  means,  a  maximum  electric  field 

strength  E  on  the  order  of  100  (e/a£)  should  be  attainable,  a  condition  that  will 

permit  the  generation  of  energy  densities  associated  with  coherently  driven  motions 

comparable  to  or  possibly  exceeding  those  characteristic  of  thermonuclear  conditions. 

Moreover,  an  electric  amplitude  of  this  magnitude  at  ultraviolet  wavelengths  will 

5-8 

cause  the  development  of  strongly  relativistic  electronic  motions  with  an 
energy  scale  comparable  to  typical  nuclear  binding  energies.  This  is  a  new  and 
totally  unexplored  regime  of  physical  conditions. 

Several  important  Implications  stem  directly  from  the  technical  capability  to 
generate  such  unusually  high  energy  densities  and  strong  electromagnetic  forces. 
Foremost,  it  is  expected  that  atomic  and  molecular  material  will  respond  in  very 
unusual  ways  to  such  severely  perturbed  conditions  and  it  has  been  conjectured, 
in  contrast  to  interactions  associated  with  weak  fields,  that  fundamentally  different 
types  of  electronic  motions9  may  be  driven  under  such  extreme  conditions  of 
irradiation.  At  the  outset,  therefore,  we  expect,  in  comparison  to  the  normal 
weakly  excited  conditions,  significant  modifications  of  (1)  the  properties  of 
electromagnetic  interaction  with  free  atoms,  (2)  the  behavior  of  dense  plasmas, 
and  (3)  the  modes  of  electromagnetic  propagation  occurring  through  such  highly  excited 
material. 

Considerable  data  support  the  conclusion  that  very  high  deposition  rates  can 
be  achieved  in  materials  as  a  consequence  of  the  strong  electromagnetic  perturbations. 
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This  view  is  based  on  the  accumulating  evidence,  derived  from  both  experimental 
findings4,10  and  theoretical  analyses,11  that  extremely  high  peak  energy  transfer 
rates  can  be  achieved.  For  example,  recent  studies12  of  the  kinetic  energy 

distributions  of  ionic  fragments  produced  by  multiphoton  ionization  of  Na,  as 
outlined  in  Appendix  A,  and  other  molecules12  clearly  indicate  that  the  major 
fraction  of  the  energy  transfer  occurs  over  a  maximum  time  interval  bounded  by  a 
few  cycles  of  the  wave.  For  the  case  of  Na  at  an  intensity  of  ~  10l*  W/cm2 

with  248-nm  radiation,  a  peak  rate  on  the  order  of  a  few  milliwatts/molecule  was 
inferred  from  this  work.  It  is  projected11  that  for  higher  intensities,  in  the 
range  of  101*  -  1020  W/cm2,  the  rate  may  approach  a  value  of  ~  1  W/atom, 
particularly  for  heavy  materials.  The  implication  is  a  transferred  energy  in  the 
range  of  -  100  keV/atom,  a  magnitude  sufficient  to  lead  to  ionization  of  electrons 
in  the  L-shell  of  uranium  (~  21  keV). 

It  is  important  to  realize  that  this  estimate  is  not  an  enormous  extrapolation 
from  existing  experimental  results.  As  described  below,  radiation  from  Ar**  has  been 
observed  from  a  state  (2s2p*),  a  level  that  lies  more  than  1.1  keV  above  that  of 

the  neutral  atom  ground  state.  Ionization14  of  the  L-shell  of  Ar**  alone  requires 

0.42  keV. 

Overall,  the  evidence  points  overwhelmingly  to  the  conclusion  that  states  of 
matter  involving  very  high  energy  densities,  on  the  order  of  ~  1  W/atom  at  solid 
density  (~  10”  W/cm*),  can  be  studied  at  a  high  data  rate  by  relatively  simple 
laboratory  means.  Furthermore,  since  the  time  scale  for  the  production  of  these 
conditions  Is  extremely  short  (-  100  fs),  unusual  plasmas  far  from  equilibrium 
conditions  will  clearly  be  generated.  The  study  of  such  physical  conditions  will 
certainly  lead  to  many  new  insights  on  the  non-equilibrium  properties  of  extremely 
high  energy  density  states  of  matter.  Furthermore,  since  the  basic  task  in  the 
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production  of  coherent  short  wavelength  radiation  is  the  controlled  deposition  of 
energy  at  high  specific  powers,  we  can  anticipate  the  development  of  bright 
laboratory  sca'e  x-ray  sources  as  a  natural  derivative  of  this  capability.  This,  of 
course,  is  a  central  goal  of  our  work. 

In  summary,  our  research  program  involves  (1)  the  further  development  of  an 

ultrahigh  brightness  ultraviolet  laser  technology  to  serve  the  study  of  (2)  the 

fundamental  behavior  of  atomic  material  in  very  strong  fields  (E  >>  e/a^),  (3) 
the  properties  of  highly  stripped  ions,  (4)  the  characteristics  of  dense  non-equilibrium 
plasmas,  and  (5)  the  modes  of  electromagnetic  propagation  occurring  under  extreme 
conditions  of  material  excitation.  These  five  topics  ail  represent  frontiers  in  the 
realm  of  atomic  phenomena  and  are  areas  of  strong  relevance  to  advanced  defense 
concepts.  Finally,  there  is  a  sixth  subject,  although  not  strictly  limited  to  the 
atomic  domain,  in  which  important  fundamental  information  should  be  produced  in 
the  proposed  program.  It  involves  the  coupling  of  atomic  and  nuclear  degrees  of 

freedom  with  the  possible  outcome  that  a  new  means  for  the  control  of  nuclear 

reactions  would  become  available.  A  range  of  possibilities  exists  for  various  nuclear 
systems, 18-1 8  including  that  of  fission,19  as  outlined  in  Appendix  B. 

II.  DISCUSSION  OF  RESEARCH  AREAS 

A.  Ultrahigh  Brightness  Subpicosecond  Laser  Technology 

Since  the  feasibility  of  the  new  physical  research  being  conducted  is  fundamental¬ 
ly  predicated  on  the  availability  of  bright  high-peak-power  ultraviolet  sources,  we 
describe  the  development  of  those  sources  and  the  performance  limits  that  can  be 
achieved. 

The  present  operating  KrF*  (248  nm)  system,  which  incorporates  a  large  aperture 
(100  cma)  power  amplifier,  is  illustrated  in  Fig.  (1).  The  pulse  duration  measurement 
system20  and  pulse  spatial  measurement  apparatus  are  described  in  Appendix  C 
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Fig. 


SUBPICOSECOND  KrF*  LASER  SYSTEM 
at  the  University  of  Illinois  at  Chicago 


(1):  Schematic  of  high  brightness  subpicosecond  source  incorporating  a  large 
aperture  (100  cma)  power  amplifier  (Prometheus). 
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and  Append  0,  respectively.  The  development  of  the  diagnostics  described  in  these 
appendices  gives  confidence  that  we  are  obtaining  a  good  experimental  understanding 
of  the  operation  of  these  light  sources  and  can,  therefore,  reliably  access  the 
performance  limits  of  the  technology. 

Three  steps  are  currently  being  taken  to  increase  the  available  intensity. 

21  22 

They  are  (1)  the  use  of  a  fast  f/2  optical  system,  (2)  the  use  of  shorter  pulses 
(~  100  fs)  in  the  amplifier  chain,  and  (3)  the  optimization  of  the  large  aperture 
(100  cm2)  power  amplifier  delivered  in  February  1988  to  further  increase  the  pulse 
energy. 

We  now  discuss  the  measured  parameters  of  the  currently  operating  system 
and  compare  them  to  the  limiting  values  that  we  fee!  the  system  can  attain  with 
suitable  optimization.  Presently,  the  output  energy  is  measured  as  ~  350  mJ  in  a 
pulse  length  of  -  600  fs.  These  are  the  parameters  delivered  at  the  end  of  the 
beam  line  at  the  experimental  stations.  The  pulse  width  of  ~  365  fs  described  in 
Appendix  C  has  been  broadened  to  some  extent  by  the  effect  of  group  velocity 
dispersion  arising  from  the  additional  optical  elements  associated  with  the  large 
aperture  power  amplifier.  This  pulse  broadening  effect  can  be  eliminated  by 
known  techniques23  of  compensation  using  either  prisms  or  gratings.  In  addition, 
shorter  pulses  can  be  generated  with  a  modified  source  for  the  production  of  the 
seed  beam. 

An  essential  parameter  governing  the  brightness  of  the  248-nm  source  is  the 
focal  spot  size  that  can  be  achieved.  Therefore,  the  ability  to  produce  a  small 
focal  volume  was  one  of  the  chief  design  citeria  for  the  large  aperture  system. 
The  result  of  a  measurement  on  the  beam  profile  at  a  point  after  the  power 
amplifier,  using  the  configuration  shown  In  Appendix  0,  is  illustrated  in  Fig.  (2). 
A  focal  diameter  of  -  1.4  pm,  produced  with  an  f/2  optical  system,  is  shown,  a 
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Pixel  number 


Fig.  (2):  Spatial  profile  of  focal  spot  recorded  after  the  power  amplifier  with 
configuration  described  In  Appendix  D.  A  spot  diameter  of  -  1.4  pm  is 
measured. 
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value  very  close  to  the  diffraction  limit  (~  0.9  pm).  Further  refinement  of  the 

system  may  enable  this  diameter  to  be  reduced  to  the  ~  1.0  -  1.2  pm  range. 

The  present  capability  of  the  source,  based  on  the  measurements  described 
above,  is  summarized  in  Table  I.  A  maximum  intensity  I  =  3.8  x  101*  W/cma  is 
derived,  a  value  only  slightly  below  the  Compton  intensity,5,7  Ico  =  4.5  x  101*  W/cma. 

These  current  parameters  of  performance  can  be  compared  with  the  values 
believed  to  be  reasonable  achievable  figures  for  the  system  being  developed.  The 
comparisons  are  presented  in  Table  II.  In  terms  of  the  maximum  electric  field,  or 

equivalently,  the  force  that  can  be  exerted  on  a  charged  particle,  the  present 

system  is  within  a  factor  of  six  of  the  limiting  value  believed  to  apply  for  this 

instrument. 

B.  Behavior  of  Atomic  and  Molecular  Matter  in  Very  Strong  Fields 
A  research  effort  is  currently  underway  in  this  Laboratory  whose  goal  is  the 
understanding  of  the  nonlinear  processes  governing  the  coupling  of  intense  radiation 
to  atomic  and  molecular  matter.  The  general  amplitude  under  study  is 

NT  +  X  -  +  qe'  +  T,  (1) 

a  process  which,  overall,  produces  ions,  electrons  and  photons. 

Although  certainly  far  from  complete,  this  work  has  revealed  several  important 

characteristics  of  the  strong  field  interaction. 

In  the  effort  to  understand  the  coupling  represented  by  process  (1),  the 

24  25  26 

properties  of  ion  charge  state  distributions,  electron  energy  spectra,  '  and 

4  10 

both  fluorescence  and  harmonic  radiation  '  produced  by  irradiation  of  atoms 

with  intense  ultraviolet  radiation  have  been  investigated.  The  substantial  body  of 

information  contained  in  earlier  work  concerning  the  Ion  and  electron  distributions 

3  4  24  25  26 

is  documented  extensively  in  references  '  ’  ’  ’  and  associated  citations. 

Theoretically,  the  picture  is  diverse  and  controversial.  The  models  describing 
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Table  I:  Summary  of  Current  Operating  Parameters  of  24&-nm  System 

Brightness  and  Intensity 

E  4E 

I  =  —  =  — -a  W/cma 
tA  rird 


Measured  Quantities: 

•  E  ~  350  mj 

•  T  =  600  fs 

•  d  =  1.4  pm 


(output  energy) 

(after  power  amplifier) 
(after  power  amplifier) 


Derived  Quantities: 


I  =  3.8  x  10“  W/cma 
|  =  2.3  x  107  J/cma 


Table  II:  Comparison  of  Current  and  Projected  Operating  Parameters  for  the 
248-nm  System 


Parameter 

Current  Measured  Value 

Projected  Developed  Value 

Pulse  Energy  (J) 

-  0.350 

1.0 

Pulse  Width  (fs) 

~  600 

100 

Focal  Spot 

Diameter  (pm) 

-  1.4 

1.0  -  1.2 

Maximum 

Intensity  (W/cma) 

3.8  X  10“ 

-  10ai 

Maximum  Electric 
Field  (V/cm) 

-  1.5  X  10u 

~  9  x  10u 

Pulse  Repetition 
Rate  (s'1) 

0.5 

1.0 
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the  electronic  motion  under  strong  fields  range  from  those  Involving  sequential 

electron  emission27  on  one  hand  to  others  which  consider  the  consequences  of 

9  28  29 

more  organized  multi-electron  motions.  '  ’  The  role  of  screening  has  been 
evaluated30  and  analogies  with  atomic,28  ionic,31  and  electronic32  collisions  have 
been  discussed. 

At  the  present,  for  the  most  interesting  regime  in  which  the  external  field  is 
far  larger  than  an  atomic  unit,  no  comprehensive  theory  exists  and  the  experimental 
capability  is  just  now,  as  discussed  In  Section  II. A  above,  permitting  study  of  that 
important  region.  Naturally,  we  intend  to  concentrate  our  future  experimental 
activity  in  this  area.  Experimentally,  we  have  found  that  two  basic  types  of 
study,  (1)  collision-free  ion  experiments  and  (2)  the  spectroscopy  of  emitted  radiation, 
effectively  complement  one  another  in  terms  of  the  physical  information  derived. 
Moreover,  the  former  is  performed  at  very  low  density  in  order  to  eliminate 
collisions,  while  the  latter  is  commonly  conducted  in  a  region  of  target  density  in 
which  collisional  processes  may  become  significant. 

C.  Highly  Stripped  Ions 

Comparison  of  the  observed  levels  of  Ionization  with  the  Keldysh33  curve 
indicates  a  systematic  behavior  which  assists  in  the  construction  of  an  approximate 
extrapolation  to  the  very  high-field  regime  (E  >>  e/aj).  So  far,  the  extant  data 
give  the  following  indications.4 

The  ion  .  time-of-f light  technique  has  been  used  to  measure  the  threshold 
laser  intensities  for  all  charge  states  of  the  rare  gases  which  appear  below  101* 
W/cm 2  with  subpicosecond  irradiation  at  248  nm.  The  experimental  values  are 
plotted  in  Fig.  (3)  as  functions  of  the  ionization  energies  for  each  charge  state. 
They  are  compared  to  calculated  threshold  laser  Intensities  for  a  transition  probability 
of  about  10**,  the  value  which  corresponds  to  the  estimated  detection  limit  of  the 
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to3  102  to  J  1 


Ionization  enorgy  (eV) 


Fig.  (3):  Threshold  laser  intensity  for  ion  charge  state  production  with  a  248-nm 
-  500-fs  laser  pulse.  A  transition  probability  of  T  =  10'*  has  been 
assumed  for  the  calculation  (estimated  detection  limit).  The  quiver 
energy  corresponding  to  a  free  electron  In  the  radiation  field  is  also 
shown  on  the  right-hand  ordinate. 
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apparatus,  using  Keldysh's  result33  (including  coulomb  correction)  In  the  tunneling 
approximation  (T  <<  1)  and  the  Keldysh-Raizer  formula3*  in  the  multiphoton 
approximation  (T  >>  1).  The  observed  thresholds  for  neon,  which  range  from  ~  8 
x  101*  W/cma  (Ne*)  to  ~  7  x  101S  W/cma  (NeH*),  agree  remarkably  well  with  the 
calculations,  whereas  the  corresponding  thresholds  are  consistently  below  the 
Keldysh  curve  for  the  heavier  ions.  For  heavy  systems,  the  deviation  is  considerable, 
the  point  for  xenon  at  an  ionization  energy  of  ~  100  eV  being  approximately  a 
full  order  of  magnitude  below  the  Keldysh  line. 

Extrapolation35  of  the  Keldysh  result,  taking  into  account  the  deviation 
shown  in  Fig.  (3),  leads  to  the  following  approximate  predictions  for  ion  production 
under  collision-free  conditions.  At  an  intensity  of  ~  10x*  W/cma,  uranium  would 
exhibit  ionization  of  electrons  in  the  4p-shell  with  the  production  of  species  in 
the  vicinity  of  U*°\  For  a  greater  Intensity  of  ~  10ai  W/cma,  gold  would  be 
ionized  down  to  approximately  Au***,  the  neon-like  state.  A  further  Increase  in 
intensity  of  roughly  a  factor  of  four  would  produce  uranium  in  charge  states 
near  Uaa*.  Although  these  estimates  must  be  regarded  as  extremely  rough,  all  the 
available  evidence  points  to  the  production  of  very  high  charge  states  under  the 
intense  field  conditions  that  can  be  produced  by  the  laser  technology  described 
in  Section  II.A  above.  Finally,  we  point  out  that,  although  highly  charged  ions 
can  be  produced  in  detectable  quantities  by  other  means,  such  as  EBIS36  and 
EBIT37  systems,  the  ion  densities  and  ion  formation  rates  characteristic  of  the 
laser  approach  are  many  orders  of  magnitude  greater. 

The  ability  to  rapidly  produce  highly  ionized  species  over  a  large  range  of 
medium  density  will  unquestionably  enable  the  study  of  many  of  their  structural 
properties  and  interactions.  This  would  naturally  include  relativistic  effects  in  the 
ionic  structure,33  affecting  both  the  systematics  of  the  energy  levels  and  the 
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transition  probabilities,39  in  addition  to  a  range  of  colllsional  processes49  such  as 
those  involved  in  recombination 41  It  is  important  to  <oseio  that  the  short  time 
scale  of  production  characteristic  of  the  laser  method  (<  1  ps)  would  permit  time 
resolution  of  the  recombination  process,  thereby  experimentally  rendering  a  detailed 
picture  of  the  dynamics  not  readily  obtained  by  steady-state  means. 

D.  Dense  Non-Equilibrium  Plasmas 

An  obvious  implication  of  the  discussion  in  Section  II. C  is  the  ability  to 
generate  dense  non-equilibrium  plasmas  at  energy  and  power  densities  comparable 
to  thermonuclear  conditions.  The  preliminary  experiments  described  in  Appendix  E 
give  a  feeling  for  the  nature  of  the  physical  conditions  that  can  be  produced  and 
data  that  can  be  readily  obtained.  Naturally,  the  streak  camera  system  we  are 
now  constructing  will  substantially  enhance  that  capability. 

The  unusual  plasma  states  that  can  be  generated  have  several  salient  features. 

In  the  main,  they  have  a  high  level  of  ionization,  relatively  low  electron  heating, 

negligible  ion  heating,  and  utterly  insignificant  heavy  body  hydrodynamic  motion. 

Such  circumstances  are  expected  to  result  in  a  range  of  anomalous  characteristics, 

such  as  enhanced  rates  of  recombination  and  other  properties  associated  with  the 
42  43 

line  profiles  '  of  radiators  embedded  in  the  plasma  environment. 

E.  Modes  of  Electromagnetic  Propagation  in  the  Strong-Field  Regime 

It  appears44-46  that  a  fundamentally  new  regime  of  electromagnetic  propagation 
may  develop  i.n  plasmas  for  subpicosecond  radiation  of  sufficient  intensity.  In  the 
high  intensity  case  of  interest,  In  which  processes  generating  ionization  dominate 
the  coupling,  multiphoton  ionization  is  expected  to  produce  a  substantial  reduction 
of  both  the  linear  and  nonlinear  refractive  indices  of  the  medium.  For  a  suitably 
ionized  plasma,  this  combination  of  high  charge  state  ions  with  the  electron 
density  produced  by  the  multiphoton  coupling  appears  capable  of  producing  a  new 
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mode  of  radiative  channeling.  Indeed,  preliminary  analysis,47  as  described  in 
Appendix  F,  supports  the  presence  of  the  following  mechanism.  For  a  sufficiently 
short  pulse  (~  100  fs),  the  massive  ions  remain  spatially  fixed  while  the  relatively 
mobile  electrons  are  expelled  by  the  ponderomotive  force  from  the  high  intensity 
zone.  Thereby,  a  state  of  equilibrium  is  established  between  the  ponderomotive 
and  the  electrostatic  force  densities  owing  to  the  charge  displacement.  Since  the 
electrons,  which  embody  a  negative  contribution  to  the  index,  are  expelled,  an 
on-axis  region  of  relatively  high  refractive  index  Is  formed  which  supports  the 
channeling.  In  a  limiting  case,  It  appears  that  the  behavior  approaches  that 
characteristic  of  a  metallic  waveguide.  Interestingly,  a  focusing  mechanism  of 
this  type,  which  is  governed  principally  by  the  Intensity,  is  ngi  describabie  in 
terms  of  the  conventional  nonlinear  index  parameter  na  and  the  customary  concept 
of  a  critical  power  does  not  apply.48  A  further  unusual  aspect  of  this  process, 
since  there  is  a  strong  tendency  to  locally  reduce  the  plasma  frequency  wp  in  the 
region  where  the  intensity  is  high,  is  that  It  may  enable  propagation  for  appreciable 
distances  In  plasmas  that  would  normally  be  considered  as  overdense.  If  so,  we 
would  then  have  the  optical  analogue  of  the  armor  piercing  shell. 

A  striking  aspect  of  the  analysis  presented  in  Appendix  F  is  the  extremely 
strong  frequency  dependence  favoring  the  use  of  ultraviolet  wavelengths  to  establish 
the  conditions  for  channeling.  Scaling  laws47  indicating  variations  as  rapid  as  oi* 
are  derived. 

The  critical  intensity  Ic  for  248-nm  radiation  theoretically  estimated  in 
Appendix  F  for  the  onset  of  this  phenomenon  is  Ic  =  2.4  x  10l*  W/cma,  a  value 
below  that  shown  in  Table  II  as  the  present  capability.  Therefore,  we  are  now  in 
a  position  to  explore  the  regime  of  intensity  both  In  the  vicinity  of  Ic  and  somewhat 
above  It. 
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F.  Optically  Induced  Nuclear  Processes 

A  basic  question  concerns  the  ability  to  couple  laser  excited  electronic  motions 
to  nuclear  degrees  of  freedom.  Direct  coupling  to  the  nucleus  is  expected  to 

be  negligible,  since  nuclear  matrix  elements  are  extremely  small  and  since  the  tightly 
bound  Innermost  electrons  in  heavy  atoms  tend  to  shield  the  nucleus  from  the 
optical  field.4®  It  appears,  however,  that,  in  the  strongly  relativistic  regime,  the 
coupling  of  the  driven  electronic  motions  is  sufficient  to  induce  nuclear  processes. 
An  example  is  electrofission,  as  discussed  In  Appendix  B,  a  reaction  for  which 
estimates19  indicate  clearly  observable  yields  under  conditions  that  can  be  produced 
with  the  large  aperture  system.  The  detection  of  fission  fragments,  which  can  be 
experimentally  accomplished  with  very  high  sensitivity,  would  constitute  an  utterly 
undeniable  signature  of  this  process.  Furthermore,  since  there  is  independent 
knowledge  of  relevant  nuclear  properties  and  cross  sections,  the  electronically 
induced  nuclear  processes  can  serve  as  _a  probe  of  the  energetic  electronic  motions 
driven  by  the  intense  irradiation.  This  aspect  presents  the  possibility  that  these 
types  of  processes  can  be  used  to  determine  the  nature  of  the  electronic  motions 
occurring  in  the  high  field  regime  at  an  intensity  level  of  ~  1031  W/cma. 

III.  CONTROLLED  ENERGY  DEPOSITION  -  SUMMARY 

The  research  described  In  this  document  addresses  the  basic  question  of  the 
controlled  deposition  of  energy  at  high  specific  powers.  The  answer  that  emerges 
involves  three -separate  considerations.  They  are  (1)  a  new  ultraviolet  pulsed  power 
technology,  (2)  an  energy  deposition  mechanism  based  on  highly  nonlinear  coupling, 
and  (3)  a  condition  for  channeled  propagation.  It  can  be  seen  that  these  three 
elements,  which  appear  capable  of  producing  conditions  comparable  to,  or  possibly 
exceeding  those  of  a  thermonuclear  environment,  fit  together  In  a  remarkably 
congenial  way.  Figure  (4)  illustrates  these  relationships.  The  principal  issue  is 
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Cross  Section  a  (cm2) 


Multiphoton  Energy  Transfer  Cross  Section 
Ny  +  A  - t>  everything  (ionization) 


Fig.  (4):  Illustration  of  how  (1)  the  energy  transfer  cross  section,  (2)  the  channeling 
condition,  and  (3)  the  puise  power  technology  all  fit  together.  The 
significant  fact  Is  that  the  conditions  needed  for  the  strong  multiphoton 
coupling  governing  the  energy  transfer  (I  =  Ico  =  10**  W/cm2)  are  Identical 
to  those  required  for  the  channeled  propagation  (If  =  Ico  =  iol*  W/cm2) 
and  that  the  large  aperture  system  moves  us  into  the  desired  range. 
The  compatibility  of  these  three  independent  considerations  Is  a  key 
and  unique  feature  of  the  approach. 
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that  tha  radiative  conditions  needed  for  the  strong  multiphoton  coupling  governing 
the  energy  transfer  rate11  are  essentially  Identical  to  those  required  for  the  channeled 
propagation47  and  that  the  laser  technology  can  readily  produce  the  regime  of 
irradiation  necessary.  The  compatibility  of  these  three  factors  Is  a  kev  feature  of 
the  proposed  approach  for  the  attainment  of  very  high  energy  density  states  of 
matter  with  laboratory  scale  apparatus.  Extremely  strong  frequency  scaling  relations  47 
ranging  as  high  as  &>',  particularly  favor  the  use  of  ultraviolet  energy  for  the 
efficient  achievement  of  these  conditions. 

IV.  CONCLUSIONS 

A  high-data-rate  laboratory-scale  capability  for  the  exploration  of  matter  at 
energy  densities  comparable  to  those  characteristic  of  a  thermonuclear  environments 
or  stellar  Interiors  would  greatly  enhance  the  ability  to  understand  the  complex 
behavior  associated  with  those  extreme  conditions.  Such  experimental  methods 
are  now  being  developed.  The  use  of  this  technology  will  permit  the  study  of 
new  realms  of  atomic  phenomena.  Specifically,  the  areas  Involve  (1)  ultrahigh 
brightness  laser  technology,  (2)  the  behavior  of  matter  in  very  strong  fields,  (3) 
the  properties  of  highly  stripped  ions,  (4)  the  characteristics  of  dense  highly  non¬ 
equilibrium  plasmas,  (5)  high-field  modes  of  electromagnetic  propagation,  and  (6) 
the  possibility  of  a  laser-driven  means  for  the  excitation  and  control  of  nuclear 
reactions. 
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KINETIC  ENERGY  DISTRIBUTIONS  OF  IONIC 
FRAGMENTS  PRODUCED  BY  SUBPICOSECOND  MULTIPHOTON 
IONIZATION  OF  Na* 

K.  Boyer,  T.  S.  Luk,  J.  C.  Solemt,  and  C.  K.  Rhodes 

Laboratory  for  Atomic,  Molecular,  and  Radiation  Physics 
Department  of  Physics,  University  of  Illinois  at  Chicago 
P.  O.  Box  4348,  Chicago,  Illinois  60680 

ABSTRACT 

A  study  of  the  kinetic  energy  distributions  of  ionic  fragments  produced  by 
subpicosecond  irradiation  of  Na  with  248  nm  radiation  at  an  intensity  of  ~  101* 
W/cma  is  reported.  These  measurements,  in  comparison  to  other  findings  involving 
molecular  excitation  with  charged  particles  and  soft  x-rays,  reveal  several  important 
features  of  the  nonlinear  coupling.  Four  ionic  dissociative  channels  are  identified 
from  the  data  on  the  multiphoton  process.  They  are  Naa*  -  N*  +  N*.  Naa’  -  N  + 
Na*.  Na**  -  N*  +  Na\  and  N^*  -  N*  +  N**,  three  of  which  are  charge  asymmetric. 
The  data  for  the  energy  distributions  are  found  to  be  in  approximate  conformance 
with  a  simple  picture  involving  ionizing  transitions  occurring  within  a  time  of  a 
few  cycles  of  the  ultraviolet  wave  at  a  nearly  fixed  internuclear  separation  close 
to  that  of  the  ground  state  XlIg*  molecule.  The  implication  follows  that  a 
strong  nonlinear  mode  of  coupling  is  present  which  causes  a  high  rate  of  energy 
transfer.  A  simple  hypothesis  is  presented  which  unites  the  ability  for  rapid 
energy  transfer  with  the  observed  tendency  to  produce  charge  asymmetric  dissociation. 


*  resubmitted  to  Physical  Review  A,  19  September  1988 
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I.  INTRODUCTION 


Processes  involving  the  rapid  production  of  molecular  vacancies  generally 

result  in  energetic  fragmentation  of  the  molecular  ion  produced.  In  particular, 

studies  have  been  made  of  the  fragmentation  of  Na,  having  the  ground  state 

configuration  (lag)a(lou)a(2ag)a(2au)a(lTu)H(3Cg)a,  arising  from  photon-induced 

inner-shell  excitation,  electron  collisions,4  and  ion  collisions.5  Rapid  molecular 

ionization  by  multiphoton  processes  is  also  expected  to  produce  Ionic  fragments 

6—8 

with  a  characteristic  distribution  of  kinetic  energies.  Comparison  of  the 

energy  spectra  of  the  fragments  produced  by  these  different  means  can  give 
information  on  the  corresponding  mechanisms  of  vacancy  formation  and  the  dynamics 
of  molecular  dissociation.  The  present  study  discusses  the  observation  of  N*. 
Na*,  and  N**  fragments  produced  by  multiphoton  ionization  of  Na  with  subpicosecond 
248  nm  radiation  at  an  intensity  of  -  101*  W/cma.  These  data  reveal  specific 
information  on  the  dynamics  of  these  nonlinear  molecular  events. 

Assuming  that  the  molecular  potential  is  dominated  by  the  coulomb  term,  the 
time  t  for  two  atoms,  with  a  reduced  mass  of  M  initially  situated  at  a  bond 

distance  of  ~  2^  and  ionized  suddenly  by  a  pulse  of  radiation  to  charge  states 

Zx  and  Za,  to  undergo  a  coulomb  explosion1,  ’10  and  develop  a  separation  of  x, 
is 

*0  /  P*M  r  -  2$ao/x  1  /i  +  |/1  -  2pao/x\  1 

co»a  V  2me  Z}Za  L  2pa«  2  \1  -  /l  -  2fa/x  /  J 

In  Eq.  (1)  a.  is  the  fine  structure  constant,  m9  the  electron  mass,  Tc  the  electron 
Compton  wavelength,  a,  the  Bohr  radius,  and  c  the  speed  of  light.  For  x  *  1.0 

nm.  with  M  -  7  amu,  0  -  1,  Zx  -  2,  and  Z,  *  1,  Eq.  (1)  gives  t  =  14.6  fs.  For 

these  parameters,  the  explosion  of  a  homonuclear  diatomic  molecule  would  yield  an 
ion  kinetic  energy  of  U0  =  13.6  eV  for  each  fragment,  a  magnitude  that  can  be 
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readily  measured.  In  particular,  this  suggests  that  information  on  electron  ionization 

rates  In  the  femtosecond  range  associated  with  the  production  of  the  multiply 

charged  ions  can  be  obtained  from  the  kinetic  energy  distributions  of  the  ionic 
6—8 

spectra. 

II.  EXPERIMENTAL  CONSIDERATIONS 

In  these  studies  of  ion  spectra,  a  subpicosecond  248  nm  source11  was  used  to 
produce  the  ionization  in  a  small  focal  volume  under  collision-free  conditions  and 
the  energies  of  the  ions  were  measured  in  a  time-of-fllght  spectrometer.12  In  the 
apparatus  for  ion  detection,13  the  particles  were  extracted  through  a  0.5  mm 
aperture  by  a  static  field  of  100  V/cm.  An  additional  potential  of  1.3  kV  was 

applied  to  the  ions  before  entering  the  1  m  long  free— drift  region. 

Several  factors  can  contribute  to  the  observed  energy  resolution  of  the  ion 
signals.14  In  order  to  isolate  the  effect  arising  from  molecular  dissociation,  the 

experiments  were  performed  in  a  regime  for  which  (1)  the  density  was  sufficiently 
low  so  that  the  space  charge  energy  was  small  and  (2)  the  ion  energy  was  sufficiently 
high  so  that  the  expansion  of  the  ion  packet  during  Its  flight  to  the  detector  was 
negligible.14  The  proper  conditions  were  established  by  a  study  of  the  resolution 
obtained  for  atomic  Ar,  a  species  for  which  the  contribution  from  dissociation  is 
absent.  Although  the  resolution  limit  arising  from  the  space  charge  effect  deduced 
from  the  Na*  data  was  approximately  0.13  eV  for  our  experimental  conditions,  the 
actual  value  was  somewhat  greater,  since  the  main  source  of  energy  spreading  for 
the  energetic '  Ions  was  due  to  the  time  dispersion  characteristic  of  this  technique. 
For  6  eV  N*  ions  in  our  apparatus,  the  time  dispersion  is  calculated  to  be  9.6 
ns/eV.  This  figure,  together  with  the  electronic  width  of  5  ns,  gives  an  energy 

resolution  of  -  0.5  eV.  Similarly,  resolutions  of  1.4  eV  and  3.0  eV  are  obtained 

for  10  eV  Na*  and  20  eV  N**  ions,  respectively.  Furthermore,  the  absolute  energy 
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scale  is  governed  by  the  ability  to  determine  accurately  the  arrival  time  corresponding 
to  zero-initial-energy  ions.  These  considerations  result  in  experimental  ion  energy 
resolutions  of  -  1  eV  for  6  eV  N*.  -  2.8  eV  for  10  eV  N3*,  and  ~  6  eV  for  20  eV 
N3*. 

III.  EXPERIMENTAL  FINDINGS  AND  DISCUSSION 

The  time-of-flight  data  for  the  N*  Ion  signal  are  illustrated  in  Fig.  (la).  Two 

peaks  displaced  symmetrically  about  a  central  component  are  clearly  observed. 

Analysis  of  this  signal  shows  that  the  prominent  central  feature  comes  from  ions 

with  a  very  low  kinetic  energy  and  that  the  two  symmetrically  placed  components 

correspond  to  the  energetic  fragments  generated  by  the  molecular  dissociation. 

This  is  readily  seen  from  comparison  of  the  data  in  Fig.  (la)  with  that  shown  in 

Fig.  (lb)  for  Na*.  an  ion  which  should  exhibit  only  a  central  thermal  energy  peak, 

perhaps  involving  some  additional  broadening  arising  from  the  effect  of  space 

charge.  The  two  symmetrically  located  components  of  dissociative  origin  exhibited 

in  Fig.  (la)  result  from  two  velocity  groups  of  ions,  one  Initially  headed  toward 

the  detector  and  a  corresponding  oppositely  directed  component  whose  momentum 

2  15 

is  reversed  by  the  action  of  the  extracting  field.  ’  Analyses  of  these  peaks  for 
N*,  N3*.  N**  has  been  used  to  determine  both  (a)  the  relative  abundances  and  (b) 

the  distributions  of  kinetic  energies  arising  from  the  molecular  fragmentation. 

Integrated  over  all  energies,  the  relative  abundances  in  percent  are  54,  32, 

and  14  for  N*.  N3*,  and  N3*,  respectively.  Interestingly,  the  ratio  N*/N3*  =  1.7, 
a  value  not  far  from  the  minimum  magnitude  seen  (-  1.9)  in  the  soft  x-ray  studies1 
slightly  above  the  nitrogen  K-edge  (hu  =  440  eV),  but  rather  far  from  that  observed 
(~  4.7)  well  beyond  the  K-edge  (fw  -  930  eV)  In  other  work.9  A  considerably  higher 
fraction  of  N3*  appears  to  be  produced  by  the  multiphoton  mechanism  for  the 
conditions  of  these  experiments. 
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The  distributions  of  the  kinetic  energies  for  muitiphoton  produced  N*  and 
Na*  ions  can  be  compared  to  the  corresponding  distributions  observed  in  the  soft 
x-ray  studies.  Figure  (2)  illustrates  this  comparison  for  N*  ions  which,  for  the 
x-ray  work,  arise  from  the 

Naa*  — ►  N*(*P)  +  N*(*P)  (2) 

channel.  All  three  distributions  shown  in  Fig.  (2)  have  their  maximum  strengths 
in  the  -  3.9  -  5.0  eV  range.  Essentially,  the  same  result  is  found  in  experiments 
involving  electron4  and  ion  collisions.5  Since  the  energy  resolution  of  the  multiphoton 
data  is  not  sufficient  to  exhibit  the  structure  seen  in  the  data  produced  in  the  x- 
ray  studies,  no  significance  can  be  attached  to  absence  of  those  structured  features 
in  the  multiquantum  result.  Overall,  therefore,  the  gross  character  of  the  spectrum 
of  the  N*  ions  produced  does  not  depend  strongly  on  the  mechanism  of  ionization. 
X-rays,  electrons,  ions,  and  multiphoton  coupling  all  produce  N*  ions  of  approximately 
the  same  energy. 

Ranked  in  order  of  ascending  binding  energy,  the  outer  molecular  orbitals  of 
Na,  based  on  the  spectroscopy1 6-1 8  of  Na  and  Na*.  are  1»u.  3cg.  2ou,  and  2cg 
with  values  of  -  15.6  eV,  -  16.7  eV,  -  18.7  eV,  and  -  38  eV,  respectively. 
Consequently,  these  four  orbitals  represent  two  approximately  separate  scales  of 
excitation  with  the  1»U,  3cg,  and  2ou  being  the  lowest,  and  the  2og  highest. 

For  the  channel  producing  the  N*  ions  observed,  the  Naa*  valence  holes 
leading  to  dissociation  appear  to  be  primarily  of  ‘AgflTy'3]  character,19,20  the 
lowest  energy  two-hole  configuration.  Since  the  KVV  Auger  process  associated 
with  the  x-ray  excitation  occurs  on  a  time  short  compared  to  molecular  nuclear 
motions,  the  Internuclear  separation  r0  of  the  nascent  Naa*  system  is  expected  to 
be  very  near  to  that  given  by  the  Na  XlEg*  ground  state  (r0  *  1.098  A).  Therefore, 
the  agreement  of  the  N*  fragment  energies  suggests  that  the  multiphoton  transition 
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occurs  at  an  internuclear  separation  close  to  the  same  value  of  r0.  Low  lying 
21  22 

metastable  states  '  of  Naa*  are  presumably  also  formed  from  the  decay  which 
could  account  for  the  N*  generation  in  the  energy  range  ~  2  eV. 

The  dominance  of  the  liru‘a  configuration  of  Naa*  produced  by  the  multiquantum 

process  is  not  unexpected,  since  it  represents  a  rather  low  ionization  energy  and 

can  be  reached  by  either  a  direct  path  from  Na  XlEg*  or  a  sequential  mechanism 

involving  the  stable  electronically  excited  Na*  AaTTu  state  which  has  a  iiru  hole. 

A  sequential  mechanism  proceeding  through  the  lowest  ion  level,  Na*  X3Ig*.  to  a 

1 6  23 

ivu*a  configuration  is  considered  unlikely,  since  the  XaIg*  state  has  a  30g  hole. 

The  change  in  the  equilibrium  internuclear  separation  of  ~  0.08  A  between  the 
NaX  and  Na*A  states  is  sufficiently  small  to  have  a  negligible  effect  on  the 
observed  kinetic  energy  distributions  for  the  energy  resolution  used  In  these  studies. 

The  production  of  Na*  ions  can  be  considered  in  a  similar  light.  In  this 
case,  the  agreement  represented  in  Fig.  (2)  between  the  x-ray-produced  and 
multiphoton-generated  N*  distributions  does  nfit  occur  with  respect  to  the  correspond¬ 
ing  Na*  kinetic  energy  distributions,  if  it  is  assumed  that  the  ions  arise  only  from 
the 

Na**  — *  Na*  +  N*  (3) 

channel.  The  data  illustrating  this  comparison,  which  includes  a  fiducial  signal 
arising  form  Ar**,  are  shown  in  Fig.  (3).  Roughly,  the  x-ray  and  multiphoton 
data  agree  for  energies  above  ~  10  eV,  but  deviate  significantly  otherwise.  A 
substantial  component  of  the  multiphoton  generated  ion  signal  is  shifted  to  a 
considerably  lower  energy.  Indeed,  a  prominent  peak  In  the  Na*  spectrum  stemming 
from  the  nonlinear  coupling  is  present  at  6  -  7  eV,  an  energy  range  well  below  the 
lower  limit  of  the  soft  x-ray  produced  particles. 

The  maximum  exhibited  in  the  6  -  7  eV  range  in  Fig.  (3)  for  the  multiquantum- 
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produced  N*‘  ions,  however,  is  consistent  with  formation  by  the  reaction 

Naa*  —  Na*  +  N,  (4) 

a  channel  that  is  associated  with  a  major  feature  of  the  Auger  spectrum2  of  Na 
corresponding  to  a  two-hole  binding  energy  in  the  vicinity  of  -  70  eV.  Indeed,  In 
that  region,  the  only  decay  channel  observed2  was  process  (3)  with  a  characteristic 
Na*  energy  of  6.7  ±  1  eV.  The  Naa*  states  Implicated,2,20  as  noted  in  the  x-ray 
studies,2  are  lEg[2cg‘l,  3<Jg'1],  lru[2<Jg*\  2ou'1],  and  MTul20g"\  1»u‘lj.  Furthermore, 
in  those  studies,  spin  conservation  requires  fragmentation  from  those  singlet  hole 

configurations  to  excited  products.  The  likely  final  states  are  Na*(aP°)  +  N(aD°), 

Na*(aP°)  +  N(aP°),  and  Na*(‘,P)  +  N(**S#).  The  multiphoton  data  are  consistent 
with  approximately  equal  participation  of  these  three  channels. 

In  parallel  with  the  discussion  of  process  (2)  above,  the  Naa*  system  could 

be  produced  either  by  a  direct  mechanism  from  Na  XlIg*  or  by  a  sequential 
mechanism  involving  states  of  Na\  Since  Na*(X)  and  Na*(A)  have  3cg  and  lvu 
holes,  respectively,  the  production  of  the  Naa*  lIg*  and  the  Naa*  lIIu  levels  given 
above  could  involve  a  sequential  mechanism  with  X  and  A  first  ion  states  serving 
as  intermediate  species.  However,  on  the  basis  of  the  molecular  configurations, 

the  participation  of  the  lIu[20g'\  2cu*lj  state  by  a  sequential  process  would  ngl 
be  expected  to  occur  through  the  X  and  A  states.  P“*sumably,  this  would  require 
the  generation  of  significantly  more  highly  excited  N,*  levels,  such  as  the  Na* 
BaEu*  which  involves  a  2ou  hole. 

The  neutral  nitrogen  atoms  produced  by  process  (4)  would  escape  detection, 
but  a  fraction  of  them  would  be  expected  to  be  converted  to  N*  after  dissociation 
by  subsequent  multiphoton  Ionization  in  the  focal  zone.  The  presence  of  such  a 
group  of  6  -  7  eV  N*  ions  would,  therefore,  contribute  to  the  signal  in  that 
range  shown  in  Fig.  (2).  Since  the  overall  N’/Na*  ratio  is  significantly  greater 
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than  unity,  this  component  of  the  N*  signal  is  expected  to  be  relatively  small  in 
comparison  to  those  produced  by  process  (2). 

Alternatively,  since  the  high  energy  region  of  the  N*  kinetic  energy  distribution 
overlaps  the  low  energy  region  of  the  Na*  distribution,  the  IM2*  seen  in  the  6  -  7 
eV  range  could,  in  principle,  be  produced  entirely  by  a  velocity  selective  conversion 
by  multiquantum  ionization  of  N*  to  N2*.  Although  the  multiphoton  data  cannot 
rule  out  this  possibility,  the  general  agreement  of  the  N*  and  N2*  distributions 
with  the  corresponding  ones  observed  in  the  synchrotron  studies  diminishes  the 
likelihood  that  such  a  selective  conversion  is  playing  a  dominant  role. 

A  distinct  group  of  N2*  ions  is  apparent  in  Fig.  (3)  in  the  11  -  14  eV  region 

2  3 

for  both  the  muitiquantum  and  synchrotron  ’  studies.  The  observation  of  N2* 

with  kinetic  energies  in  the  11  -  14  eV  range  cannot  plausibly  be  associated  with 

channels  in  either  Na*  or  Na2*,  even  with  allowance  for  a  second  step  of  ionization 

(e  g.,  N*  -  N2*)  occurring  after  the  act  of  molecular  dissociation.  The  curves  for 

16  19  20 

these  two  species  are  simply  not  steep  enough  to  give  a  sufficient  impulse. 

A  more  highly  charged  system,  presumably  Na**,  which  can  undergo  the  reaction 

Na**  -  N2*  +  N*.  (5) 

is  indicated.  This,  of  course,  is  in  agreement  with  the  findings  of  the  x-ray  studies.3 

For  Na*\  the  coulomb  term  is  expected  to  dominate  the  molecular  curve, 
with  the  exception  of  relatively  minor  molecular  contributions  for  internuclear 
separations  in  the  -  1  A  range.  The  coulombic  Na**  curve  indicated  in  Fig.  (4) 
shows  that  Its  position  Is  consistent  with  the  magnitude  of  the  observed  N2* 
kinetic  energies  for  a  vertical  excitation  of  the  system  in  the  potential  energy 
region  -  84  eV.  Furthermore,  within  the  experimental  resolution  (~  3  eV),  the  11 
-  14  eV  range  agrees  well  with  the  observed  N2*  energy  (~  13  eV)  in  the  soft  x- 
ray  studies2  stemming,  In  that  case,  from  Na**  formation  arising  from  a  20g'2 
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level  with  the  assumption  of  an  additional  shake-off  from  the  first  Auger  event. 

Overall,  the  observed  N*  and  Na*  distributions,  assuming  that  the  ions  arise 
from  the  decay  channels  N*  +  N*.  Na*  +  N,  and  Na*  +  N*.  all  appear  consistent  with 
vertical  excitation  of  the  Na  system  to  corresponding  Naa*  and  Na*‘  configurations. 
It  is  also  known17  that  the  ionic  ground  and  low  lying  Na*  levels  (XaEg*,  Aa!Tu, 
and  BaZu’)  all  have  equilibrium  internuciear  separations  very  close  to  the  neutral 
Na  ground  state  XlEg*.  Therefore,  the  removal  of  one  electron  from  the  neutral 
molecule  does  not  cause  appreciable  nuclear  motion  or  displacement.  Excitation  to 
higher  charge  states,  however,  such  as  Naa*  and  Na**,  generally  leads  to  unstable 
levels  which  will  cause  rapid  motion  of  the  nuclei.  Since  Na  and  Na*  are  stable  with 
rMa  a  rNj*.  the  present  muitiphoton  data  do  not  give  information  on  the  removal 
of  the  first  electron.  However,  the  observation  of  dissociative  channels  from 
Naa*  and  Na**  enables  an  estimate  to  be  made  concerning  the  dynamics  of  electron 
removal  involving  those  systems. 

Consider  the  production  of  Na**  from  Na*  by  the  sequential  mechanism 

maY  +  Na*  — ►  Naa*  +  e'  (6) 

maY  +  Na2*  —  Na*‘  +  e'  (7) 

in  which  and  ma  denote  the  number  of  ultraviolet  quanta  involved.  The 
observed  absence  of  appreciable  nuclear  motion  in  the  formation  of  Na**  can  be 
used  to  estimate  a  residence  time  t  for  the  unstable  Naa*  system.  This  gives  an 
approximate  figure  for  the  electron  emission  rate  for  the  physical  regime  being 
studied.  For  this  estimate  we  will  assume  that  the  Naa*  and  Na*‘  molecular 
curves  are  dominated  by  the  coulombic  interactions  corresponding  to  N*  +  N*  and 
Na*  +  N*.  respectively.  In  this  picture,  the  net  change  In  the  kinetic  energy  A4> 
of  the  Na*  fragment  produced  by  process  (5)  arising  from  a  small  displacement  Ar 
in  the  Naa*  (N*  +  N*)  system  can  be  simply  represented  by 


(8) 


e  e 

A$  -  -  -  - 

r0  r0  +  Ar 

in  which  r0  the  Initial  internuclear  distance.  The  data  indicate  that 

ro  =  rNa  =  rNa*  =  1  1  (9) 

The  magnitude  of  Ar  can  be  derived  from  Eq.  (8)  by  equating  A$  with  the  shift 
observed  in  the  Na*  energies  between  the  synchrotron  data2  and  the  multiphoton 
results  arising  from  the  Na*  +  N*  decay.  Since  no  shift  was  observed,  we  use  the 
experimental  energy  resolution  Ac  of  Na*  to  establish  an  upper  bound  Arm  on 
this  displacement.  The  result  is 


which,  with  Ac  *  3  eV,  gives  Arm  <  0.33  A.  The  corresponding  upper  bound  on 
the  residence  time  *:m  of  the  Naa*  system  can  be  evaluated  from  Eq.  (i)  with  Zl 
»  Za  »  1,  the  parameter  (1  selected  so  that 

20a,  -  r0  ,  (11) 

and 


x  -  r0  +  Arm  .  (12) 

This  gives  p  =  1.04,  x  =  1.43  A  and  yields 

Tm  =  2.35  fs  .  (13) 

an  interval  that  Is  only  three  periods  of  the  248  nm  wave.  Therefore,  the  ion 
energy  distributions  indicate  that  the  lifetime  of  the  Naa*  species,  as  an  intermediate 
in  the  production  of  Na**  from  lower  charge  states  (Na  or  Na*),  is  on  the  order 
of  or  less  than  approximately  three  cycles  of  the  wave. 

A  substantial  signal  of  N**  ions  was  detected  with  the  peak  In  the  distribution 
occurring  at  ~  20  eV  as  shown  in  Fig.  (5).  If  we  assume  that  the  channel  producing 
these  ions  is 
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N**  +  N*  , 


Na 


(14) 


and  further  assume  that  the  ionization  occurs  at  the  internuclear  separation 
implied  by  the  production  of  the  N*  and  Na*  species,  the  energy  of  the  N** 

fragment  would  be  exactly  3/2-fold  the  energy  of  the  Na*  Ion  produced  in  the 

Na*  +  N*  reaction.  Given  the  peak  at  -  12.8  eV  for  Na*  shown  in  Fig.  (3),  the 
expected  N**  kinetic  energy  is  -  19.1  eV,  a  value  very  close  to  the  measured 
maximum  of  the  distribution  at  -  20  eV  and  indistinguishable  from  it  with  the 
experimental  resolution  pertaining  to  this  measurement. 

We  note  that  the  N*  component  arising  from  reaction  (14)  is  expected  to  be 
difficult  to  observe.  The  fraction  of  N*  ions  produced  in  that  way  is  relatively 

small  and  any  conversion  of  N*  to  Na*  by  subsequent  ionization  would  be  effectively 
masked  by  the  Ar'*  fiducial  signal  at  ~  20  eV. 

Finally,  if  Na**  is  regarded  as  an  Intermediate  in  the  formation  of  NaH\  in 

parallel  with  the  discussion  above  concerning  Na*  Ion  production  following  the 
formation  of  Na*\  a  maximum  residence  time  comparable  to  that  found  for  Naa* 
in  Eq.  (13)  is  found  to  apply. 

Similar  reasoning  concerning  the  generation  of  Na*  ions  from  the  Na“* 

system  would  place  the  corresponding  Na*  energy  at  ~  25  eV,  a  point  for  which 
no  signal  is  evident  in  the  distribution  illustrated  in  Fig.  (3).  Apparently,  the 

NaH*  — ►  Na*  +  Na*  (15) 

channel  is  not  dynamically  favored  under  the  conditions  studied  in  this  work, 

although  clearly  energetically  accessible,  since  the  Na*  +  Na*  potential  lies  in  Fig. 

(4)  below  the  corresponding  N1*  +  N*  curve  for  all  values  of  internuclear  separation 
r  >  r0.  Interestingly,  reaction  (15)  has  been  detected  in  subpicosecond  studies24 

involving  the  use  of  radiation  with  a  wavelength  of  -  600  nm,  a  finding  pointing 
to  a  wavelength  sensitivity  of  these  amplitudes  and  a  need  for  further  examination 
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of  their  frequency  dependence. 

IV.  CONCLUSIONS 

The  kinetic  energy  distributions  of  atomic  nitrogen  ions  produced  from  Na  by 
multiphoton  ionization  reveal  several  characteristics  of  the  nonlinear  molecular 
interaction.  In  comparison  to  soft  x-ray  excitation,  which  produces  the  molecular 
vacancies  by  Auger  cascade  and  shake-off,  the  final  configurations  of  the  valence 
shell  holes  produced  by  the  multiphoton  and  soft  x-ray  excitation  appear  to  have 
many  similarities. 

The  observed  kinetic  energy  distributions  of  the  N\  N2*,  and  N1*  ions 
produced  by  the  multiphoton  mechanism  all  find  a  consistent  explanation  if  it  is 
assumed  that  the  molecular  ionization  for  all  species  occurs  at  an  internuclear 
separation  close  to  the  equilibrium  value  for  neutral  Na.  Namely,  the  transitions 
appear  to  occur  nearly  vertically.  This  finding  enables  an  estimate  of  the  effective 
residence  time  of  intermediate  molecular  ionic  states  to  be  made  with  the  outcome 
that  this  Interval  has  an  upper  bound  on  the  order  of  a  few  optical  cycles  for 
Na2*  and  Na**.  Since  most  of  the  deposited  energy  is  associated  with  the  formation 
of  the  higher  charge  states,  the  implication  is  that  the  main  energy  transfer 
process,  when  it  occurs  in  the  course  of  the  interaction,  proceeds  quite  rapidly. 
A  peak  energy  transfer  rate  on  the  order  of  a  few  milliwatts/molecule  Is  inferred 
from  these  results.  Therefore,  a  mechanism  for  strong  coupling  is  presumably  present. 

Four  molecular  decay  modes  are  identified  involving  molecular  ion  states 
with  a  charge  as  high  as  NaH*.  They  are,  specifically,  N*  +  N*.  N  +  N2*,  N*  + 
N2*,  and  N*  +  N**.  It  is  notable  that  three  of  these  represent  charge  asymmetric 
modes  and  that  an  energetically  available  symmetric  decay  channel  (N2*  +  N2*)  was 
apparently  not  present  at  a  detectable  level.  The  dynamics  appear  to  favor 
asymmetric  channels.  We  observe  that  the  enhancement  of  an  asymmetric  mode, 
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such  as  N  +  Na*.  is  a  mechanism  tending  to  cause  an  increase  in  the  Na7N* 

fraction,  a  noted  feature  of  the  multiphoton  data  with  respect  to  comparison  with 
the  yields  observed  in  the  synchrotron  studies. 

A  simple  hypothesis  unites  the  rapid  energy  transfer  leading  to  vertical 
molecular  transitions  with  the  observed  tendency  to  produce  charge  asymmetric 
dissociation.  The  presence  of  a  large  induced  dipole  arising  from  a  multi-electron 
motion  will  enhance  the  ability  of  the  N,  system  to  couple  to  the  field.  Such  a 
dipole,  however,  represents  a  large  asymmetric  displacement  of  charge,  a  situation 
that  would  naturally  lead  to  a  corresponding  asymmetry  in  the  charge  states  of 
the  dissociation  products.  This  effect  would  be  expected  to  be  most  significant 
for  a  situation  involving  a  parallel  orientation  of  the  molecular  axis  along  the 

electric  vector  of  the  ultraviolet  wave.7  In  this  sense,  the  observed  charge 
asymmetry  of  the  ionic  products  Is  merely  a  remnant  of  the  induced  electronic 

motions.  Interestingly,  the  driven  excursion  of  a  free  electron  at  -  101*  W/cms 
in  a  248  nm  field  is  -  8.4  A.  a  value  more  than  seven  times  larger  than  the  equilibrium 
internuclear  separation  of  Na.  Even  with  a  considerable  reduction  of  the  scale  of 

this  motion  arising  from  the  restoring  binding  forces  in  the  molecule,  a  substantial 
charge  displacement  of  the  outer  molecular  electrons  is  expected  under  these 
conditions.  A  system  behaving  in  this  way  does  not  decide  its  fate  on  the  basis 
of  the  energy  scale  associated  with  potential  final  states,  but  rather  selects  the 
dynamical  mode  of  interaction  which  favors  the  strongest  coupling.  Hints  of 
similar  behavior  were  seen  in  earlier  studies  of  the  atomic  number  dependence  of 
multiphoton  ionization  of  atoms.2®  Consequently,  the  final  states  to  which  such 
electronic  motions  are  related  become  prominent  in  the  observed  distributions  of 
the  ionic  products. 
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FIGURE  CAPTIONS 


(a)  Time-oMllght  N*  ion  signal  arising  from  multiphoton  ionization  of 
Na.  The  central  feature  arises  from  very  tow  energy  ions  while  the 
two  symmetrically  located  components  arise  from  energetic  molecular 
dissociation  from  oppositely  directed  fragments  of  equal  energy. 
See  text  for  discussion. 

(b)  Time-of-flight  ion  signal  corresponding  to  Na4,  a  species  for 
which  the  dissociative  components  are  absent.  In  this  case  only  a 
single  peak  is  seen  corresponding  to  the  thermal  kinetic  energy  of 
the  parent  Na  molecules. 

Ion  current  (N*)  versus  ion  kinetic  energy  for  Na.  The  +  data  arise 

from  the  multiphoton  ionization  at  246  nm.  The  full  curve  -o-  represents 

the  results  of  Saito  and  Suzuki  [Ref.  (3)].  The  dashed - curve  is 

taken  from  the  results  of  Eberhardt,  et  al.  [Ref.  (1)]. 

Ion  current  (Na*)  versus  ion  kinetic  energy  for  Na.  The  +  data  arise 

from  the  multiphoton  ionization  at  248  nm  which  includes,  as  a  fiducial, 
a  component  at  ~  20  eV  produced  from  Ar**.  The  solid  curve  represents 
the  data  of  Salto  and  Suzuki  [Ref.  (3)]  and  corresponds  only  to  the  Na* 
+  N*  channel.  General  agreement  Is  seen  except  for  the  clear  peak  In 
the  6  -  7  eV  region  for  the  multiphoton  data. 

A  partial  potential  energy  diagram  of  Na  indicating  the  ground  Na 
X*ig*  and  the  coulomblc  contributions  to  several  ionized  species. 
Assuming  vertical  excitation,  the  Ion  energies  observed  will  be  one 

half  the  amounts  Indicated  for  the  channels  (N*  +  N*  -  12.74  eV;  Na*  + 
N*  -  25.5  eV;  N*’  +  N4  -  38.2  eV).  The  Na*  +  Na‘  (51.0  eV)  was  not 
observed.  See  text  for  discussion. 


Fig.  (5):  Ion  current  (N**)  versus  ion  kinetic  energy  for  multiphoton  ionization 
of  Na  at  248  nm.  A  prominent  component  exists  In  the  19  -  20  eV  region. 
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The  process  of  nuclear  fission  induced  by  nonlinear  radiative  coupling  to  atomic  electrons  is  con¬ 
sidered.  For  248-nm  radiation  at  an  intensity  of  31 1021  W/cra2,  highly  relativistic  currents  are  produced 
which  can  couple  to  the  fission  mode  of  nuclear  decay.  With  irradiation  for  a  time  of  =*  100  f s,  the  re¬ 
sults  indicate  a  fission  probability  of  =»  10  ~3  for  2#U  nuclei  located  at  the  surface  of  a  solid  target,  a 
value  several  orders  of  magnitude  above  the  limit  of  detection. 

PACS  numbers:  25.85.G*,  32.80. Wr 


Nuclear  fission  can  be  induced  by  electromagnetic  in¬ 
teractions  involving  either  photons  or  charged  particles  if 
sufficient  energy  is  communicated  to  the  nucleus  ena¬ 
bling  the  system  to  penetrate  the  fission  barrier.  Known 
examples  of  electromagnetically  induced  fission  are 
photofission, 1,2 

y+W-— /i+/j+vn,  (1) 

electrofission,1 

t  ~+A~* ►/i+./i+wt+e  “,  (2) 

and  muon-induced  fission.4-1  It  has  also  recently  been 
proposed4,7  that  driven  motions  of  atomic  electrons  aris¬ 
ing  from  intense  irradiation  of  atoms  can  couple  energy 
to  nuclear  transitions  occurring  between  bound  nuclear 
states.  This  latter  mechanism  has  some  features  in  com¬ 
mon  with  processes  of  nuclear  excitation  and  deexcita¬ 
tion  in  which  atomic  electronic  transitions  play  a 
role.*"11 

The  present  work  examines  the  possibility  of  optically 
induced  nuclear  fission  of  heavy  elements  arising  from 
coupling  to  driven  motions  of  atomic  electrons  produced 
by  intense  external  radiation.  The  fission  process  is  a 
particularly  favorable  one  for  the  demonstration  of  nu¬ 
clear  excitatioo.  It  (I)  generally  has  a  large  nuclear  ma¬ 
trix  element,  (2)  is  a  broad  channel  permitting  coupling 
to  spectral  power  over  a  wide  range,  and  (3)  involves  a 
very  large  energy  release  comprising  distinctive  emis¬ 
sions.  It  will  be  shown  that  very  large  instantaneous 
fission  rates  may  be  generated  in  a  considerable  range  of 
nuclear  materials.  If  this  can  be  achieved,  extremely 
bright  and  spatially  localised  high-flux  pulsed  sources  of 
fission  fragments,  neutrons,  and  y  radiation  could  be  pro¬ 
duced  (c.g.,  2:  10 24  fission  fragments/cm2  s). 

The  acceleration  of  electrons  to  an  energy  sufficient  to 
surpass  the  threshold  of  the  fission  reaction  can  be 
achieved  in  the  focal  region  of  an  intense  laser  pulse.  I4-I} 
The  availability  of  an  ultraviolet  laser  technology16,17 
capable  of  producing  subpicosecond  pulses  with  energies 
approaching  the  joule  level  in  low-divergence  beams  at 


high  repetition  rates  is  making  possible  a  regime  of  phys¬ 
ical  study  concerning  the  behavior  of  matter  at  extreme¬ 
ly  high  intensities11,1*  in  the  102°-102l-W/cm2  range. 
Since  it  can  be  shown14,11  that  intensities  comparable  to 
5  x  10 19  W/cm2  at  248  nm  will  cause  strongly  relativistic 
motions  to  occur,  the  use  of  an  intensity  of  =>I02‘ 
W/cm2  would  then  generate  relativistic  electrons 14,11 
with  an  energy  sufficient  (ya,24)  to  produce  electro¬ 
fission  by  the  collisional  mechanism  represented  by  reac¬ 
tion  (2).  We  also  note  that  the  bremsstrahhrag  produced 
collaterally  by  the  fast  electrons  in  the  target  material 
can  also  participate  in  the  production  of  fissioning  ma¬ 
terial  through  the  photofission  reaction  (1).  The 
influence  of  both  of  these  processes  is  considered  below 
for  the  case  of  a  solid  target  composed  of  2$U. 

Extant  data20"24  on  photofission  and  electrofission  of 
V|U  enable  a  simple  estimate  to  be  made  of  the  proba¬ 
bility  of  fission  caused  by  irradiation  of  material  with 
248-nm  radiation  at  an  intensity  of  ^lO21  W/cm2.  The 
approach  used  parallels  the  classical  procedure  used  in 
an  earlier  estimate25  of  the  rate  of  excitation  of  atomic 
inner-shell  electrons.  We  consider  a  plane  solid  uranium 
target  with  the  ultraviolet  radiation  incident  normal  to 
surface.  For  this  estimate,  a  pulse  width  with  a  duration 
t=*  100  fs  and  a  focal  area,  positioned. aL  the  surface,  of 
=• 1  pm  in  diameter  are  assumed.  With  the  density  of 
solid  uranium  as  » 19  g/cm1,  if  all  of  the  bound  elec¬ 
trons  were  free  and  uniformly  distributed,  the  average 
electron  density  in  the  materia]  would  be  p,=*4.4x  1024 
cm  -1.  Since  the  projected  driven  motions  of  these  elec¬ 
trons  are  highly  relativistic  at  an  intensity  of  =*  1021 
W/cm2,  the  magnitude  of  the  electronic  velocity  will  be 
approximated  by  the  speed  of  light  c.  Thus,  the  max¬ 
imum  driven  particle  current  is  given  by 

y=»cp,="l.3xl011cm-2s-1.  (3) 

The  threshold  for  the  electron  energy  for  electrofission  in 
VfU  is  approximately  10  MeV.  Since  the  electrofission 
cross  section21,16  o,i  is  in  the  range  of  =*l  mb  for  21*U, 
the  transition  rate  is  1.3x  10*  s_l  which,  for  a 

pulse  length  r  of  =■  10  - 11  s,  gives  a  total  transition  prob- 
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ability  for  elc'lrofission  of 

P.t~ja,  rr=“  10  "s.  (4) 

From  the  known  systematics  of  nuclear-fission  barrier 
heights,2-26*27  some  heavier  materials  like  2$Cf,  and  par¬ 
ticularly  certain  isomers,2*  are  expected  to  have  thresh¬ 
old  electron  energies  somewhat  less  than  that  charac¬ 
teristic  of  2#U.  However,  since  the  photofission  and 
electrofission  processes  generally  go  mainly  through  the 
£1  giant  dipole  resonance,  a  consideration  of  the  sum 
rule  for  these  transitions2910  suggests  that  the  cross  sec¬ 
tions  for  the  electrofission  process  for  other  heavy  ma¬ 
terials  will  not  vary  more  than  a  factor  of  10  from  the 
value  corresponding  to  uranium. 

The  volume  of  material  involved  in  this  interaction  de¬ 
pends  upon  the  depth  of  penetration  of  the  ultraviolet 
field  into  the  plasma.  Since  the  critical  electron  density 
itc  is  1.6x  10 22  cm  _1  at  248  nm,  a  value  more  than  200- 
fold  less  than  the  density  estimated  for  the  plasma  under 
consideration,  the  uranium  plasma  is  highly  overdense. 
However,  since  the  driven  motion  of  the  electrons  is 
strongly  relativistic,  the  penetration  length  of  the  exter¬ 
nal  field  has  significant  relativistic  corrections  which  ex¬ 
tend  the  propagation  into  the  normally  forbidden  over- 
dense  region.11  The  dielectric  constant  e  for  this  case  can 
be  written  as 


t 


1  + 


!2E& 


m1c1u i2 


-1/2 


(5) 


In  Eq.  (S)  (dp  is  the  customary  plasma  frequency,  £ o  the 
peak  value  of  the  radiative  electric  field,  a>  the  frequency 
of  the  wave,  e  the  electronic  charge,  and  m  the  mass  of 
the  electron.  For  an  intensity  of  =*I021  W/cm2,  a».  cor¬ 
responding  to  a  plasma  density /\.  =4.4 x  I024  cm  .  and 
<d  for  248  nm,  the  resulting  skin  depth12  8  for  damping 
of  the  propagation  is  6=20  nm.  For  these  conditions, 
we  have  ignored  collisions  and  estimate  that  the  electrons 
have  a  total  energy141511  ymc 2  corresponding  approxi¬ 
mately  to  y=24  and,  therefore,  experience  a  change  in 
the  relativistic  factor  Ay  =*23  due  to  the  acceleration  by 
the  ultraviolet  field.  This  magnitude  of  Ay  is  consistent 
with  the  maximum  value  that  can  be  achieved  by  laser 
acceleration  at  a  given  power,  regardless  of  the  focusing 
conditions  or  the  wavelength  of  irradiation. 15  For  our 
case,  in  which  the  total  power  is  =  I011  W,  the  max¬ 
imum  magnitude 15  of  Ay  is  Ay—.  ™  164. 

From  the  discussion  given  above,  it  is  possible  to  esti¬ 
mate  the  energy  of  the  fission  yield  that  would  be  gen¬ 
erated  by  irradiation  of  a  solid  uranium  (2$U)  surface 
with  a  single  pulse.  The  fission  yield  Y, r  corresponding 
to  the  electrofission  channel  can  be  written  as 

Yt(-poA6Pt,AE(  (6) 


in  which  po  is  the  uranium  atom  density,  A  the  focal  spot 
area,  8  the  skin  depth,  P,(  the  electrofission  probability, 


and  A£f  the  average  fission  energy.  With  A£f=!65 
MeV  and  the  other  parameters  as  discussed  above, 
K,f=0.2  fii,  or  equivalently,  approximately  8400  fission 
events.  A  similar  outcome  would  be  expected  from  a 
2&Th  target. 14 

Since  a  highly  relativistic  current  of  electrons  is  pro¬ 
duced  in  a  dense  plasma  having  ions  of  a  high  charge  Z 
by  the  interaction  of  the  oscillating  electrons  with  the 
solid  target,  it  is  expected  that  a  substantial  quantity  of 
energetic  bremsstrahlung  will  be  generated,  some  of 
which  will  be  in  the  energy  range  (=*10  MeV)  corre¬ 
sponding  to  the  photofission20’21  process  (1).  Further¬ 
more,  since  o^~-102o,f,  the  contribution  of  the 
photofission  channel  may  not  necessarily  be  negligible. 
In  order  to  evaluate  this  contribution,  we  will  assume 
that  the  plasma  conditions  are  such  that  a  fraction  of 
=*  10 -1  of  the  incident  radiative  energy  is  channeled  into 
energetic  bremsstrahlung. 15,14  For  an  incident  energy  of 
=*  I  J,  this  bremsstrahlung  would  then  account  for  =*  I 
mJ,  an  estimate  that  is  based  on  the  measured  scaling  of 
hard  x-ray  production  in  studies  of  fusion  plasmas.15  If  it 
is  further  assumed  that  all  of  this  bremsstrahlung  can 
participate  in  the  photofission  reaction,  then  =  I09  quan¬ 
ta  are  available.  Given  the  photofission  cross  section  of 
=  10~25  cm2,  this  leads  to  the  production  of  =*50 
fissions  in  the  active  volume,  a  value  considerably  less 
than  that  estimated  for  the  electrofission  mechanism. 
However,  since  the  range17  of  the  bremsstrahlung  is  =*  1 
cm  in  solid  uranium,  an  additional  =*106  fissions  would 
be  produced  in  a  much  larger  region  in  the  material  sur¬ 
rounding  the  focal  volume.  Of  those,  only  that  fraction 
within  the  fission-fragment  range1*  of  =  5  /im  of  the  sur¬ 
face  would  produce  escaping  fission  ions.  This  would  be 
=*I03  particles.  A  major  fraction  of  the  neutrons  pro¬ 
duced  (=106).  however,  would  escape  from  a  sample19 
with  dimensions  comparable  to  I  cm.  These  estimates 
indicate  that  the  detectable  fission-fragment  yield  may 
contain  a  significant  contribution  from  photofission.  The 
total  neutron  production,  however,  is  probably  dominat¬ 
ed  by  the  photofission  reaction.  In  terms  of  the  fission 
yield  originating  in  the  focal  volume,  it  seems  likely  that 
that  would  be  governed  mainly  by  the  electrofission 
mechanism.  Experimentally,  a  yield  of  the  magnitude 
estimated,  even  if  reduced  by  a  factor  of  =  101,  could  be 
readily  detected. 

A  substantial  quantity  of  fast  uranium  ions  should  be 
produced  by  electrostatic  acceleration  at  the  surface  of 
the  sample.  This  arises  from  the  tendency  of  the  relativ¬ 
istic  electrons  to  be  expelled  from  the  region  of  high  in¬ 
tensity,  since  the  electron  trajectories  are  curved  by  the 
magnetic  vxB  force  so  that  their  velocities  are  nearly 
parallel  with  the  propagation  vector  k  of  the  incident 
wave.1415  In  rough  approximation,  it  appears,  for  irradi¬ 
ation  at  =*I021  W/cm2  at  248  nm,  that  this  feature 
could  lead  to  nearly  full  expulsion  of  the  electrons  from 
the  first  skin  depth  of  the  focal  region,  and  possibly 
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somewhat  beyond,  into  a  region  further  below  the  sur¬ 
face  of  the  solid  by  the  radiation  pressure.  It  we  assume 
complete  ionization  of  the  uranium  atoms  in  this  surface 
region,  a  high  and  nearly  uniform  planar  charge  density 
is  created  over  a  spatial  extent  of  approximately  I  pm2. 
Furthermore,  since  the  heavy  uranium  ions  are  inertially 
confined  to  positions  near  their  original  sites  on  the  sur¬ 
face  for  a  time  on  the  order  of  — 100  fs,  a  positively 
charged  ion  near  this  surface  will  experience  a  strong 
electric  repulsive  force.  For  sufficiently  short  times  and 
small  distances  from  the  surface,  this  field  Et  is  of  con¬ 
stant  magnitude  and  directed  normally  outward  from  the 
surface  with  a  value  given  approximately  by 

(7) 

in  which  pt  is  the  surface  charge  density.  For  fully  ion¬ 
ized  uranium  (Z“ 92)  having  a  lattice  constant 

ro— 0.33  nm,  the  field  Et  is  evaluated  as 

Ez  “Ze/2r&  —  5.9'x  109  V/cm.  (8) 

If  we  further  assume  that  this  constant  field  extends  for 
a  distance  normal  to  the  surface  of  =100  nm,  a  length 
roughly  one-tenth  of  the  focal  spot  size,  then  an  ion  of 
charge  Z  passing  through  that  field  will  acquire  a  kinetic 
energy  ek  of  approximately 

ek  -ZeE,l.  (9) 

For  Z  —92,  ( k  is  5.4  MeV  with  a  corresponding  kinetic 
velocity  of 

vk=*(Ze/r0)U/M)m  (10) 

in  which  M  denotes  the  mass  of  a  uranium  ion.  From 
Eq  (10)  we  see  that  a  time-of-flight  measurement  of  the 
ion  current  would  carry  direct  information  on  the  distri¬ 
bution  of  charge  states  formed  by  the  interaction  at  the 
surface  of  the  target,  a  physical  parameter  d'rectly  relat¬ 
ed  to  the  electrofission  rate.  An  impurity  of  hydrogen 
atoms  on  the  surface  of  the  target  would  make  possible  a 
calibration  of  the  scale  length  /  through  a  measurement 
of  the  proton  component  of  the  time-of-flight  signal. 

Earlier  work  on  laser-fusion  targets  appears  to  confirm 
the  generation  of  energetic  ions  by  a  surface  mechanism 
of  this  type.  Fast  deuterium  ions  produced  from  solid 
CD2  targets  with  picosecond  irradiation  at  1.06  pm  have 
been  observed40  in  approximate  agreement  with  Eqs.  (9) 
and  (10).  For  a  reasonable  choice  of  parameters  (Z  —  1, 
I  —  I  pm,  and  r0  —  2ao),  Ed-  (9)  gives  ek  “64  keV,  while 
the  measured  value40  was  =65  keV. 

Nuclear  fission  of  heavy  elements  is  predicted  to  be  in¬ 
duced  by  the  irradiation  of  solid  targets  with  ultraviolet 
energy  at  an  intensity  of  =I021  W/cm2.  The  fission 
events  should  be  readily  observable  through  the  detection 
of  fast  fission  fragments,  fission  neutrons,  and  y  radiation 
from  excited  fission  product.  For  a  pulse  of  —  1 00-fs 
duration,  a  fission  probability  of  =I0”5  is  estimated  for 
solid  2q’’U  We  note  that  recent  calculations41  of  a  relat¬ 


ed  process  involving  transitions  between  bound  nuclear 
states  also  gives  transition  probabilities  in  this  general 
range.  Fast  highly  charged  ions  of  the  parent  material 
should  also  be  produced  in  considerable  numbers  at  the 
surface.  Finally,  the  ease  of  detecting  single  fission 
events  endows  this  technique  with  sensitivity  to  test  the 
character  of  the  atomic  response  to  intense  coherent 
fields,  a  question  of  fundamental  significance. 
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A  technique  for  measuring  the  duration  of  single  ultrashort  pulses  at  KrF*  wavelengths  has  been  developed  that 
employs  fluorescence  from  xenon  excimers  excited  by  two-photon  absorption  of  atom  pairs.  Pulses  of  ~350-fsec 
duration  have  been  measured  at  248  nm. 


Introduction 

There  has  recently  been  considerable  interest  in  the 
study  of  collision-free  multiphoton  processes  in  atoms 
using  high-brightness  infrared,  visible,  and  ultraviolet 
lasers.  Focused  power  densities  of  ~10u  W/cm2  have 
been  produced  from  mode-locked  Ndiglass  lasers  (X  =* 
1.06  Mm)  and  their  second  harmonic  (X  -  0.53  pm).1 
However,  the  highest  intensities  of  ~1016  W/cm2  have 
been  produced  in  the  UV,  where  the  large  bandwidth 
(Av  ~  100  cm-1)  of  the  rare-gas  halide  excimer  lasers 
enables  pulses  of  subpicosecond  duration  to  be  ampli¬ 
fied,  and  have  been  employed  in  the  studies  of  multi¬ 
photon  interactions.2-3  Systems  based  on  both  XeCl* 
(Ref.  4)  and  KrF  (Ref.  5)  have  been  developed,  and 
pulses  of  10  and  20  mJ,  respectively,  with  <500-fsec 
duration  have  been  produced. 

The  characterization  of  the  laser  system  used  for 
these  studies  clearly  requires  an  accurate  method  of 
measurement  of  the  duration  of  a  single  pulse.  In  the 
visible  and  IR  regions  of  the  spectrum,  the  measure¬ 
ment  of  pulse  durations  is  conventionally  provided 
through  autocorrelation  in  a  second-harmonic  crystal 
of  overlapping  replicas  of  the  pulse.6  However,  this 
technique  gives  a  time-averaged  value  of  the  pulse 
duration  because  of  the  need  to  vary  continuously  the 
delay  between  the  replicas  and  hence  the  pulse  Wer- 
lap.  Moreover,  the  second-harmonic  autocorrelation 
technique  cannot  be  used  at  the  UV  excimer-laser 
wavelengths  because  of  the  lack  of  suitable  crystals 
with  transmission  in  the  VUV. 

A  convenient  technique  of  obtaining  the  intensity 
autocorrelation  and  hence  the  duration  of  a  single 
pulse  is  that  of  two-photon  fluorescence  (TPF).8  A 
pulse  is  divided  by  amplitude  into  two  counterpropa- 
gating  pulses,  which  overlap  in  a  medium  displaying 
two- photon  absorption.  The  resulting  spatial  profile 
of  the  fluorescence  viewed  in  the  transverse  direction 
yields  the  required  autocorrelation,  provided  that  the 
fluorescence  intensity  is  proportional  to  the  square  of 
the  laser  intensity.  Organic  dyes  have  most  often 
been  used  for  visible  and  near-IR  lasers  but  are  unsuit¬ 
able  for  use  in  the  UV  because  of  single-photon  ab¬ 
sorption  and  photodissociation. 


At  high  pressures  (p  >  100  Torr),  the  rare  gases 
fluoresce  on  the  well-known  VUV  excimer  emission 
bands.  It  has  been  shown  in  the  cases  of  Kr,7  Ar,  and 
Xe  (Ref.  8)  that  multiphoton  absorption  by  pairs  of 
ground-state  atoms  or  by  weakly  bound  van  der  Waals 
dimers  can  produce  excimer  fluorescence  suitable  for 
use  in  the  TPF  technique. 

An  energy-level  diagram  for  the  Xe2  excimer  is 
shown  in  Fig.  1.  The  248.4-nm  radiation  of  the  KrF* 
excimer  laser  is  detuned  by  only  ~400  cm-1  from  the 
two- photon-allowed  5pe-5ps(2p3/2 )  6 p  (J  ■  0)  transi¬ 
tion  of  atomic  Xe.  The  potentials  for  the  repulsive 
ground  state  and  the  lowest-bound  excimer  excited 
states  have  been  studied  in  detail,9-11  but  little  infor¬ 
mation  exists  on  the  molecular  potentials  that  corre¬ 
late  with  the  higher-lying  atomic  states.  However, 


Eig.  1.  Energy-level  diagram  for  the  Xe,.  excimer.  The 
solid  lines  are  derived  from  Refs.  9  and  10,  and  the  dotted 
lines  indicate  approximate  potentials  as  suggested  by  Ref. 
11. 
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those  potentials  correlating  with  the  6 p5  (2/Vi)  6 P  («/ 
■  0)  atomic  state  are  believed  to  be  repulsive11  so  that, 
at  intemuclear  separations  of  0.55  nm,  the  molecular 
transition  becomes  two-photon  resonant  with  the 
248.4-nm  laser  radiation.  The  molecule  will  then  dis¬ 
sociate  along  the  repulsive  potential.  Kinetic  models 
of  the  Xe?*  system12  indicate  that  the  population  of 
the  excited  atomic  state  that  is  produced  will  relax  by 
radiative  and  collisional  processes  in  a  time  of  ~1  nsec 
to  the  lowest-lying  0U~,  lu,  and  Ou+  states  of  the  ex- 
cimer,  which  then  radiate  in  the  VUV  at  ~172  nm. 
The  cross  sections  for  photoionization  from  the  popu¬ 
lated  atomic  states  are  too  small  (~10-18  cm2)  to  pro¬ 
duce  significant  ionization  for  laser  pulses  of  ~l-paec 
duration  at  intensities  of  ~1  GW/cm2,  and  the  rela¬ 
tionship  between  the  fluorescence  and  laser  intensities 
is,  therefore,  expected  to  be  quadratic  and  not  cubic  as 
was  observed  in  Kr  with  nanosecond  pulses  at  248 
nm.7 

Experimental  Details 

To  examine  the  dependence  of  the  TPF  signal  on  laser 
intensity,  pulses  of  ~1  mJ  were  taken  from  a  20-mJ, 
ultrashort-pulse  KrF*  laser  system5  and  weakly  fo¬ 
cused  into  a  stainless-steel  cell  containing  Xe.  The 
VUV  fluorescence  was  filtered  by  an  interference  filter 
(Acton  Research  Corporation  Type  172)  and  detected 
with  a  solar-blind  photomultiplier.  The  variation  of 
the  fluorescence  intensity  with  laser  intensity  was 
measured  over  the  range  ~109-101°  W/cm2  at  a  gas 
pressure  of  4.5  atm.  The  results,  shown  in  Fig.  2, 
indicate  a  quadratic  relationship  up  to  laser  intensities 
of  ~3  x  10®  W/cm2.  Departures  at  higher  intensities 
may  be  due  to  Penning  ionization.13 


Fig.  2.  Experimentally  measured  dependence  of  the  ex- 
cimer  fluorescence  intensity  on  laser  intensity  at  a  gas  pres¬ 
sure  of  4.5  atm. 


Fig.  3.  Experimental  arrangement  of  the  two-photon  ex- 
cimer  fluorescence  autocorrelator. 


Fig.  4.  Measured  autocorrelation  fluorescence  profile  for  a 
single  subpicosecond  KrF* -laser  pulse. 


The  experimental  arrangement  for  a  TPF  autocor¬ 
relator  using  high-pressure  Xe  as  the  two-photon  ab¬ 
sorber  is  shown  in  Fig.  3.  The  1-mJ  pulse  is  focused 
weakly  by  a  1-m  focal-length  lens  (LI),  and  the  pulse  is 
divided  into  two  replicas  by  the  dielectric  50/50  beam 
splitter  (BS).  The  two  counterpropogating  pulses  are 
directed  into  a  cell  (C)  containing  Xe  by  mirrors  Ml 
and  M2,  and  the  fluorescence  is  imaged  by  a  5.5-cm 
focal-length  LiF  lens  (L2)  through  an  evacuated  tube 
onto  an  optical  multichannel  analyzer  (OMA),  which 
has  been  sensitized  for  VUV  radiation  by  a  film  of 
sodium  salycilate  deposited  upon  the  entrance  end  of 
the  fiber-optic  coupler.  An  interference  filter  (F) 
with  transmission  at  172  nm  is  placed  in  front  of  the 
OMA  to  remove  scattered  248.4-nm  laser  radiation. 
The  system  was  calibrated  by  measuring  the  shift  in 
the  autocorrelation  fluorescence  pattern  when  a 
fused-silica  plate  (P)  of  known  thickness  was  intro¬ 
duced  into  one  arm  of  the  triangle. 

A  fluorescence  intensity  profile  of  a  pulse,  obtained 
at  a  pressure  of  2  atm  and  an  intensity  of  ~2  x  109 
W/cm2,  is  shown  in  Fig.  4  and  corresponds  to  a  dura- 
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tion  of  365  face,  assuming  a  pulse  of  the  form  of  a 
hyperbolic  secant2  function.  The  contrast  ratio  is 
close  to  3.0,  in  agreement  with  theoretical  predic¬ 
tions.8 

In  order  to  ensure  that  the  measured  pulse  duration 
was  not  limited  by  the  spatial  resolution  of  the  imag¬ 
ing  lens  (L2,  Fig.  3),  the  effective  aperture  (A)  was 
varied  without  any  significant  effect  on  the  width  of 
the  fluorescence  profile.  This  indicates  that  the  mea¬ 
sured  deviation  of  the  pulses  is  greater  than  the  resolu¬ 
tion  of  the  present  optical  system,  which  is  estimated 
to  be  <100  fsec. 


Conclusion 

A  relatively  simple,  reliable  method  of  measuring  the 
durations  of  individual  subpicosecond  UV  laser  pulses 
has  been  demonstrated.  The  technique  should  be  ap¬ 
plicable  to  ArF*  and  KrCl*  as  well  as  KrF*  lasers  with 
a  resolution  of  <100  fsec. 
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MEASUREMENT  OF  248-nm  FOCAL 
VOLUME  SPATIAL  PROFILES 


In  order  to  confidently  determine  the  experimental  intensities  involved  in 
our  measurements,  it  has  been  necessary  to  develop  an  accurate  and  reliable 
means  for  the  measurement  of  spatial  profiles  of  focal  regions.  Fig.  (D-1)  illustrates 
the  apparatus  that  we  have  used  for  that  purpose.  The  result  of  the  measurement 
is  shown  in  Fig.  (D-2).  The  measured  width  of  ~  1.43  pm  is  seen  to  agree  with 
the  corresponding  ideal  of  1.45  pm.  These  results  demonstrate  that  the  beam  is 
at  the  transform  limit  and  that  spot  si2es  on  the  order  of  1  pm  can  be  produced. 
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Fig.  (D — 1 ):  Apparatus  used  to  measure  the  spatial  profiles  of  focal  regions  for 

subpicosecond  248-nm  radiation. 


Signal  Strength  (arb.  unit) 


Distance  x  3.57  pm 


Fig.  (D-2):  Measured  focal  spot  size  with  f/2  mirror.  The  measured  width  is 

-  1.43  pm,  a  value  to  be  compared  with  the  corresponding  theoretical 
ideal  of  1.45  pm. 
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Abstract 

VUV  spectra  of  a  highly  ionized  argon  plasma 
produced  by  a  high-power  subpicosecond  laser  are 
analyzed  to  determine  the  electron  temperature. 
The  calculated  electron  temperature  is  too  low 
to  support  the  highest  observed  charge  state, 
showing  the  plasma  charge  state  distribution  to 
be  out  of  Saha  equilibrium. 


Introduction 

Unusual  states  of  highly  ionized  plasmas  can  be 
generated  over  a  wide  range  of  electron  densities 
with  the  use  of  high-power  subpicosecond  ultraviolet 
lasers.  Plasmas  created  by  such  means  should  have 
characteristics  quite  different  from  those  produced 
by  traditional  techniques  involving  current-pinches 
or  laser  radiation  In  the  much  longer  nanosecond 
time  regime.  Generally,  the  conventional  approaches 
Involve  electron  collisions  over  a  considerable  time 
period  (e.g.  -  10'*  sec)  as  the  main  mechanism 
producing  the  higher  charge  states.  Consequently, 
this  process  often  can  be  well  described  In  ther¬ 
modynamic  terms.  In  contrast,  plasmas  produced 
by  multi-photon  Ionization  on  a  subpicosecond 
time  scale  Involve  a  high  level  of  ionization,  low 
electron  heating,  negligible  Ion  heating,  and 
insignificant  heavy-body  hydrodynamic  motion. 
This  type  of  plasma  is  perfectly  suited  to 
recombination  laser  schemes:  the  low  electron 
temperature  leede  to  rapid  recombination,  the 
low  Ion  temperature  reduces  doppier  broadening, 
and.  most  Importantly,  the  Initial  charge  state 
distribution  can  be  substantially  out  of  thermal 
equilibrium. 

This  work  presents  VUV  spectra  of  argon 
plasmas  produced  by  a  high  power  subpicosecond 
ultraviolet  laser  over  a  wide  range  of  laser  power 
(10  -300  GW)  and  electron  density  (2x10**  - 
2  x  10"  cm'*).  Most  of  the  observed  spectral 


lines  can  be  identified  from  Ar*’,  Ar*\  and 
Ar7’  as  well  as  a  doublet  from  Ar*’  From  the 
Ar*’  spectrum  an  electron  temperature  can  be 
deduced  by  comparing  the  line  Intensities  to 
calculated  values.  A  value  of  20  eV  Is  obtained 
and  found  to  be  inconsistent  with  the  observed 
Ar*’  radiation. 

Experiment 

As  the  laser,  target,  and  spectrometer  used  in 
this  experiment  have  been  deecribed  In  detail 
elsewhere  [1. 2,3,4],  only  a  brief  summary  Is  presented 
here.  Subpicosecond  pulses  at  745  nm  are  extracted 
from  a  hybridly  mode-locked  dye  laser.  These 
pulses  are  frequency  tripled  to  248  nm.  pre-amplifled 
by  a  commercial  KrF*  excimer  and  spatially 
filtered.  The  pulses  are  then  amplified  by  i)  a  second 
commercial  excimer  to  10-20  mJ  and  focused  with 
an  F/14  spherical  lens  to  a  peak  Intensity  -  10** 
Wcm"*  or  2)  the  Prometheus  amplifier  system  (4) 
to  -  300  mJ  and  focused  with  an  F/15  spherical 
lens  to  an  estimated  peak  intensity  of  -  5  x  10" 
Wcm'*.  The  rather  small  Increase  in  peak 
Intensity  for  the  more  powerful  beam  is  due  to 
severe  spherical  abberation  in  the  F/15  focusing 
lens.  The  target  Is  produced  by  a  pulsed  valve 
giving  densities  of  2x10**  -  2x10**  cm'*. 
The  radiation  is  observed  by  a  McPherson  grazing 
Incidence  spectrometer  recording  from  25  -  750 
angstroms.  The  spectrometer  was  calibrated  with 
a  HeNe  discharge  lamp  and  fluorescence  lines  to 
an  absolute  accuracy  of  t  0.3  angstroms. 

Results 

Fig.  1  shows  a  typical  region  of  the  spectrum 
produced  by  the  10  GW  beam  with  identified 
transitions  from  various  charge  states  as  well  as 
some  possible  new  identifications.  Almost  all  the 
lines  were  identified  from  published  results  for  the 
Ar1’,  Ar"’,  Ar*’,  Ar*’,  and  Ar7’  spectra  [5, 6, 7, 8). 


*  to  be  published  in  the  OSA  Proceedings  on  Short  Wavelength  Coherent  Radiation; 
Generation  and  Application  26-29  September  1988,  Cape  Cod,  Massachusetts, 
edited  by  R.  W.  Falcone  and  J.  Kirz 
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Fig.  1.  Typical  region  of  the  argon  spectrum 
taken  with  the  to  GW  beam  ahowlng  the  assignment* 
from  the  literature  (above  the  spectrum)  and  the 
computer  calculations  (below  the  spectrum). 

There  was  no  evidence  for  radiation  from  the 
Ar1*.  Ar*\  and  Ar‘*  charge  atates  although 
these  species  have  numerous  transitions  in  the 
spectral  range  studied.  Figure  2  shows  a  grotrtan 
diagram  of  Ar7*  with  the  solid  lines  Indicating  the 
transitions  observed  In  the  plasma.  The  n  »  3  to 
n  -  3  transitions  were  not  detected,  possibly 
because  of  radiation  trapping. 


Fig.  2.  Ar7*  grotrtan  diagram  showing  the  observed 
transitions  in  the  data.  Transition  rates  (10* 
sec'1)  from  Ref.  13  are  shown  for  each  line. 

In  an  attempt  to  Identify  the  remaining 
features  In  the  spectrum,  doubly  excited  transitions 
In  Ar**  were  calculated  with  the  computer  code 
developed  by  Cowan  (9),  as  transitions  of  this  type 
are  not  commonly  reported  In  the  literature. 
Four  Ar**  transitions  were  calculated:  3p*-3p4s, 
3s3p  -  3p4p,  3p*  -  3p4d,  3p3d  -  3p4f  In  all  four 
cases,  lines  previously  unidentified  on  the  basis  of 


literature  citation  were  seen  in  the  spectrum  at 
the  calculated  wavelengths.  With  literature  values 
and  the  computer  analysis,  it  was  possible  to 
assign  over  85%  of  the  argon  lines  In  the  range 
100  -  300  A. 

The  spectrum  produced  with  the  300  GW  beam 
was  virtually  identical  to  the  10  GW  beam  except 
for  a  prominent  doublet  shown  In  Fig.  3.  This 
doublet  can  clearly  be  Identified  [6,8)  as  the 
2s*2p*  -  2s2p*  doublet  in  Ar**  by  the  absolute 
measurement  of  the  wavelength  (±  0.3  X),  the 
splitting  of  the  doublet  (±  o  1  A),  and  the  consistency 
with  the  previous  assignments.  We  considered 
the  possibility  that  these  were  satellite  lines,  but 
ruled  that  out  based  on  calculations  [9]  of  satellite 
structures  In  both  Ar7*  and  Ar**. 


Waveleath  (A) 


Fig.  3.  Argon  spectrum  showing  Ar*’  lines  produced 
by  the  300  GW  beam. 

In  addition,  detailed  dependencies  on  the  gas 
density  of  the  target  for  the  Ar7’(3s-4p)  (159 
A)  and  the  Ar**(2s*2p*  -  2s2p*)  (165  A)  transitions 
were  obtained. 

Discussion 

To  understand  more  about  the  argon  plasma  from 
the  spectra,  a  plasma  model  was  developed  In 
order  to  calculate  the  effects  of  different  electron 
temperatures  and  densities  on  the  dynamics  of  the 
Ar**,  Ar7*,  and  Ar**  Ions.  The  model  will  be 
discussed  In  more  detail  elsewhere  [10],  but  it  is 
essentially  a  complete  set  of  collisional-radlatlve 
rate  equations  In  the  spirit  of  Bates.  Kingston  and 
McWhlrter  [11].  Ar**  Is  described  simply  as  a  ground 
state  because  of  the  large  excitation  energy  of  the 
lowest  excited  state  (250  *V),  all  Ar7*  levels  are 
Included  up  to  n  ■  7,  and  the  Ar7*  ground  state 
Is  allowed  to  recombine  to  Ar**,  although  the  details 
of  the  Ar**  energy  level  structure  were  not 
explicitly  Included.  Dlelectronlc  recombination 
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Intensity  relative  to  3a- 4p  umai 


Ironi  Ar**  to  Ar7'  waa  neglected  (12]  because  of 
the  closed  shell  structure  of  Ar**.  Rato  coefficients 
were  obtained  from  a  variety  of  sources  (9,13,14). 

The  plasma  electron  temperature  was  calculated 
by  comparing  ratios  of  experimental  line  Intensities 
for  Isolated  transitions  In  the  Ar7*  spectrum  with 
numerical  predictions  of  the  plasma  model.  The 
results  are  shown  In  Fig.  4.  Since  the  model  had 
no  free  parameters,  except  the  electron  temperature 
and  initial  charge  state  distribution,  the  agreement 
between  the  data  and  the  model  for  a  temperature 
of  20  eV  is  remarkable.  The  discrepancy  for  the 
Ar7*(3d-4f)  transition  could  be  explained  by  its 
wavelength  as  It  Is  rather  different  from  the 
other  transitions  and  so  could  be  susceptible  to 
systematic  errors  In  the  spectrometer.  It  Is  also 
possible  that  other  processes  are  playing  a  role 

in  determining  the  emission  from  this  level. 
Further  study  of  this  matter  Is  required.  This 

value  of  20  eV  compares  well  with  an  electron 
spectrum  taken  with  the  10  GW  laser  beam  under 
collision  free  conditions  at  a  somewhat  lower 

Intensity  [15].  The  data  are  shown  In  Fig.  S  and 

suggest  an  average  electron  kinetic  energy  of 
about  20  eV  for  the  highest  charge  states.  This 
would  Imply  that  no  additional  electron  heating 
occurs  in  the  gas  target  at  the  densities  used  In 
the  present  experiment. 


1.23 
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ELECTRON  ENERGY  [«V] 


Fig  5.  Electron  energy  spectrum  for  argon  at 
7  x  lO1*  Wcm"*,  from  Ref.  15. 

In  addition  to  determining  the  electron 
temperature,  the  plasma  model  can  predict  the 
density  dependence  of  the  Ar7*  transitions.  The 
results  of  the  calculations  and  the  experimental 
data  from  the  300  GW  beam  are  compared  In  Fig. 
6.  Besides  an  overall  scaling  factor,  the  model 
had  no  free  parameters  except  the  electron 
temperature  determined  previously.  However, 
one  additional  effect  needed  to  be  considered  in 
order  for  the  model  to  match  the  observed 
pressure  dependence  (10).  The  spectral  data  are 
time  integrated  and,  hence,  the  line  Intensities 


Fig.  6.  Pressure  dependencies  of  various  lines,  both 
7.  experimental  (300  GW  beam)  and  modeled  (Ta  »  20 

Fig.  4.  Line  Intensities  for  selected  Ar  lines  eV).  Turn  ovcr  at  higher  densities  Is  due  to  non- 

normallzed  to  the  Ar  (3s  -4p)  transition.  Open  resonant  absorption  of  the  fluorescence  by  the 

regions  In  the  bar  correspond  to  varying  the  Initial  surrounding  gas. 

conditions  In  the  plasma  model.  *  All  3d-4f 

Intensities  are  divided  by  10. 
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depend  on  the  lifetime  of  the  plasma  The 
lifetime  of  the  plasma,  In  turn,  depends  on  the 
cooling  rate  of  the  plasma.  Under  these  conditions, 
electron  conduction  cooling  Is  the  dominant 
cooling  mechanism.  As  the  thermal  conductivity 
is  Inversely  proportional  to  gas  density,  the 
lifetime  of  the  plasma  will  be  directly  proportional 
to  the  gas  density.  Taking  this  effect  into 
account,  the  plasma  model  correctly  predicts  the 
density  dependence  of  the  Ar7*(3s  -  4p)  transition. 
Thus,  the  line  radiation  from  A r7*  is  consistent 
with  a  coillsional-radiative  model  with  an  electron 
temperature  of  -  20  eV 

The  Ar*"  line  in  Fig.  6  is  similar  to  the  A r7* 
line  In  that  It  Is  a  ground  state  transition  and  has 
about  the  same  excitation  energy  (6.81  and  transition 
probability  [9],  Thus,  it  Is  not  surprising  that  it 
has  a  similar  density  dependence.  However,  the 
origin  of  the  Ar*’  ions  is  not  so  clear.  Although 
they  could  have  been  produced  by  multi-photon 
ionization,  preliminary  Ion  measurements  with  the 
same  laser  system  and  focusing  lens  did  not 
detect  any  Ar”  Ions  (16).  On  the  other  hand,  an 
electron  density  of  5  x  10**  cm'*  and  temperature 
of  20  eV  cannot  support  Ar”  in  Saha  equilibrium 
(14).  The  ratio  of  Ar”  to  Ar”  ions  under  these 
conditions  would  be  less  than  10'*.  Thus,  20  eV 
is  not  a  high  enough  temperature  to  substantially 
ionize  Ar”.  The  Ar**  radiation  could  have  been 
produced  earlier  in  time  at  a  higher  temperature. 
However,  Ar1*  radiation  would  have  been  produced 
at  the  same  time,  and  none  was  observed. 
Alternatively,  the  Ar**  Ions  may  be  In  a  different 
region  of  space,  perhaps  at  a  higher  temperature. 
The  region  of  Ar**  Is  most  likely  surrounded  by 
Ar7*  and  calculations  of  electron  conduction 
cooling  (10]  show  that  spatial  variations  In 
temperature  rapidly  decay.  The  electrons  in  the 
Ar**  region  would  quickly  equilibrate  with  the 
surrounding  electrons. 

The  most  consistent  explanation  is  that  the 
laser  pulse  creates  a  plasma,  through  a  process  not 
yet  understood,  containing  Ar7*,  Ar”,  and  Ar” 
with  an  Initial  electron  temperature  of  20  eV.  This 
temperature  can  excite  the  Ar7*  states,  the  first 
excited  state  of  Ar**,  but  nothing  In  Ar*’.  This 
situation  is  consistent  with  all  the  experimental 
and  calculated  results  presented  In  this  paper 
and  shows  that  it  is  possible  to  create  a  higher 
charge  state  than  can  be  supported  in  Saha 
equilibrium. 

Conclusion 

VUV  spectra  of  a  highly  Ionized  argon  plasma 
produced  by  a  high  power  subpicosecond  laser  we 
presented  along  with  calculations  from  a  plasma 
model.  Comparison  of  the  two  show  that  the 
observed  Ar7*  radiation  Is  fully  consistent  with  a 
coillsional-radiative  model  of  the  plasma  with  an 
electron  temperature  of  20  eV.  Furthermore, 
compwing  this  electron  temperature  with  a  collision- 
free  electron  energy  spectrum  shows  that  little 
additional  heating  of  the  electrons  occurred  In  the 
dense  gas  target.  Finally,  observation  of  Ar” 


radiation  indicates  that  the  charge  state  distribution 
Is  not  in  Saha  equilibrium  as  the  electron  temperature 
and  density  of  the  plasma  can  not  support  the 
Ar”  chwge  state. 
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X-RAY  AMPLIFICATION  WITH 
CHARGE-DISPLACEMENT  SELF-CHANNELING* 


J.  C.  Solem.t  T.  S.  Luk,  K.  Boyer,  and  C.  K.  Rhodes 
Laboratory  for  Atomic,  Molecular,  and  Radiation  Physics 
Department  of  Physics,  University  of  Illinois  at  Chicago 
P.  O.  Box  4348,  Chicago,  Illinois  60680 


ABSTRACT 

We  develop  an  analytic  theory  of  charge-displacement  self-channeling:  a 
mechanism  that  can  dynamically  trap  a  short  intense  light  pulse  in  the  refractive 
index  gradient  created  by  the  ponderomotive  expulsion  of  free  electrons.  The  channel 
is  an  effective  waveguide  for  secondary  radiation  and  its  radius  increases  very 
slowly  with  power.  We  expect  large  energy  deposition  rates  from  multiphoton 
coupling,  making  the  channel  ideal  for  generating  coherent  short  wavelength  radiation. 


*  Resubmitted  to  Phys.  Rev.  Lett.,  29  September  1988 
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Amplification  in  the  x-ray  region  requires  prodigious  energy  deposition  rates1 
spatially  organized  in  a  high-aspect-ratio  volume  of  material.  We  show  that  the 
use  of  extremely  intense  (10X*  -  10”  W/cm*)  short  pulse  (-  100  fs)  radiation  may 
be  able  to  produce  these  conditions  by  combining  (1)  the  energy  deposition 
arising  from  high-order  multiphoton  processes  with  (2)  a  new  mode  of  channeled 
propagation  involving  a  charge-displacement  mechanism.  It  is  significant  that  the 
conditions  needed  for  the  strong  multiphoton  coupling  are  identical  to  those  found 
required  for  the  confined  propagation.  Since  previous  work2  discusses  the  energy 
deposition  rates,  the  present  discussion  concentrates  on  the  propagation. 

The  presence  of  a  very  intense  pulse  of  radiation  in  a  highly  ionized  plasma 
produced  by  multiphoton  ionization  leads  to  the  following  qualitative  behavior. 
The  conversion  of  electrons  from  bound  to  free  states  by  the  ionization  induces  a 
strong  reduction  in  the  refractive  response  of  the  atomic  material.  The  resulting 
plasma  exhibits  a  further  decrease  In  Index  from  the  free  electron  component 
produced.  Assuming  that  the  frequency  u  of  the  radiation  is  above  the  plasma 
frequency  <*ipt  these  circumstances  permit  a  new  mode  of  channeled  propagation  to 
develop.  For  a  sufficiently  short  pulse  (~  100  fs),  the  Ions  remain  spatially  fixed 
while  the  relatively  mobile  electrons  are  expelled  by  the  ponderomotive  potential 
from  the  high  intensity  region  of  the  beam.  A  state  of  equilibrium  can  then  be 
established  between  the  ponderomotive  and  the  electrostatic  force  densities  owing 
to  the  net  charge  displacement.  Since  the  electrons,  which  embody  a  negative 
contribution  to  the  index,  are  expelled,  an  on-axis  region  of  relatively  high 
refractive  Index  is  formed  which  can  support  the  channeling.  Some  aspects  of 
this  behavior  have  been  recently  examined  in  the  regime  of  low  plasma  density.4 

The  state  of  ionization  and  its  radial  profile  are  important  aspects  of  the 
analysis.  For  these  estimates,  we  use  the  formulation  of  Keldysh®  corresponding 
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to  the  situation  in  which  tunneling  dominates,0’  and  have  included  a  correction 

for  the  effect  of  the  Coulomb  field  in  the  final  stated  The  influence  of  atomic 
shell  structure  is  accounted  for  through  the  use  of  computed  ionization  potentials 
for  multiply  charged  ions.®  An  example  involving  hoimium  illustrates  the  outcome 

of  this  procedure.  It  is  found  that  for  a  pulse  of  100  fs  duration,  nickel  like 
hoimium  (Ho***)  will  be  produced  for  intensities  spanning  the  1.3  -  4.8  x  io30 
W/cma  range.  Therefore,  if  the  spatial  beam  profile  were  a  gausslan  having  a 

radial  dimension  r0  and  a  peak  Intensity  I0  *  4.8  x  lO30  W/cma,  the  nickel  state 
would  exist  from  r  =  0  to  r  =  1.3r0,  nearly  the  entire  region  of  interest. 

The  radial  dependence  of  the  refractive  index  n(r)  governs  the  condition  for 
channeling.  Since  the  ions  are  inertiaily  confined  for  the  short  time  (~  100  fs) 
considered,  the  expulsion  of  the  free  electrons  from  the  channel  results  In  a 
reduced  plasma  frequency  or,  equivalently,  an  increase  of  the  refractive  index  in 
the  central  region. 

The  contribution  to  the  index  from  the  ions  under  the  strong-field  condition 
involves  two  opposing  effects.  They  are  (1)  the  nonlinear  contribution  proportional 
to  na,  which  is  enhanced  at  more  elevated  field  strengths,  and  (2)  the  tendency 

to  produce  high  charge  states,  corresponding  to  low  polarizabilities  and  depressed 
values  of  na.  The  resulting  ionic  component  of  the  index,  however,  is  overwhelmed 
by  the  free  electron  contribution.  This  fact  Is  demonstrated  by  another  example 
involving  Ho  at  an  intensity  of  3.7  x  101*  W/cm3,  the  value  at  which  Ho  becomes 
krypton-like  (Ho31*).  The  index,  through  the  first  nonlinear  term,  is  n  *  1  +  n0 
+  naEa,  with  n0  -  2rnao0  and  na  -  (s/3)nao»a.  We  can  relate  these  susceptibilities 
for  Ho*1*  to  known  values9  for  neutral  Kr,  namely,  a0  *  24.8  x  10*3*  esu  and  aa 
*  137.7  x  10—  esu.  Since  Ho*1*  has  a  radius  of  -  0.032  that  of  Kr,  hydrogenlc 
scaling  yields  a0  =  10*3*  esu  and  o»a  =  10”**  esu  for  Ho*1*.  At  the  given  Intensity, 
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the  ionic  contribution  then  is  (n-l)at  =  lO*Mna,  with  na  representing  the  ion  density. 

For  a  coillsioniess  (Ho*1*)  plasma  with  an  electron  density  of  31  na,  we 
obtain  the  free  electron  contribution  to  the  Index  at  248  nm  as  (n— 1  )e  =  -(upa/2wa) 
=*  -8  5  x  10-”  na  so  that  (n-l)e/(n-l)at  =  -107.  The  free  electron  component  is 
far  larger  than  the  ionic  contribution  and  can  be  safely  neglected. 

The  steady-state  force  balance  between  the  radially  outward  ponderomotive 
force  and  the  oppositely  directed  electron-ion  attraction  is  represented  in  cylindrical 
symmetry  for  a  completely  Ionized  tenuous  («  >>  o>p)  plasma  by 


2»ea 
—  71(r)  +  e 
mu  c 


r  P(r)  (r  -  r') 

an_  -  dV  =  0 

J  lr  -  r  l* 


(D 


For  a  gaussian  intensity  distribution  l(r)  the  charge  density  p(r)  is 

p(r)  -  2B  [1— <r/r0)a]  e-^0*’  (2) 

in  which  B  -  I^mu’cnjrJ)'1  and  m,  c,  ne,  and  r0  denote  the  electron  mass,  speed 

of  light,  quiescent  plasma  density,  and  channel  radius,  respectively. 

An  estimate  of  the  condition  necessary  for  focusing  can  now  be  made  by 

describing  the  charge  displacement  by  two  regions  such  that  p(r<r0/5)  *  p(0)  and 

p(r>r0i/2)  =  p(r0/2)  and  equating  the  angle  of  total  internal  reflection  to  the  angle 

corresponding  to  the  first  minimum  of  diffraction.  This  yields  a  critical  intensity 
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wnui)3c 


=  (4.3  x  10'a) 


m«ac 


(3) 


64(1  +  e"*)ra  ,e 

in  which  re  denotes  the  classical  electron  radius.  Significantly,  this  intensity  is 
independent  of  the  electron  density  na  and  contrasts  with  the  power  threshold10 
normally  arising  from  induced  index  charges  in  transparent  dielectrics.  Analytic 
approximations  extending  to  high  electron  density  show  a  significant  dependence 
of  Ic  on  ne  only  near  the  critical  density.  Furthermore,  ft  Is  easily  demonstrated 
that  Ic  normalized  to  the  Compton  intensity  is  a  constant  (0.54)  independent  of 
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frequency,  a  finding  which  shows  that  the  charge-displacement  mechanism  is 
associated  with  relativistic  conditions. 


If  the  intensity  exceeds  Ic,  the  beam  will  tend  to  form  a  channel  and,  if  B  < 
1/2,  Eq.  (2)  properly  describes  the  charge  density.  However,  since  the  range  B  < 
1/2  is  quite  narrow,  the  situation  involving  B  >  1/2,  the  'saturated*  condition  in 
which  all  free  electrons  are  expelled  from  the  core  of  the  channel,  is  of  principal 
interest.  An  estimate  of  the  radius  rs  of  the  saturated  region  [p(r<rs)  =  i]  can 
be  made  by  modeling  the  channel  as  a  dielectric  waveguide.  It  is  assumed  that 
the  expelled  electrons  form  a  cylindrical  sheath  around  the  saturated  region  with 
a  thickness  comparable  to  rs  so  that  p(r8  <  r  <  2rs)  *  -1/3  and  p(r  >  2rs)  -  0. 
Consequently,  the  charge  density  p  changes  from  1  to  -1/3  at  the  interface.  The 
cutoff  frequency  <oc  of  the  dielectric  waveguide11  can  be  written  as 


XoiC 


“c  = 


,V. 


(4) 


rs(“p/“HP(r<rs)  -  P  <r>rs)l 

i  / 

in  which  x,,*  Is  the  first  root  of  J0(x).  Setting  u  5  wc,  we  find  rs  s  (k^cKS/A) 

=  2c/t*ip  giving  the  power  Ps  for  the  onset  of  saturation  (B  =»  1/2)  as 


2  2 
2mc*  /  «  \  \ 
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Examination  of  the  strongly  saturated  case  In  the  limit  of  high  intensity  (I0 
>>  2.3  x  1021  W/cm2),  shows  that  complete  expulsion  of  the  electrons  extends  out 
to  a  radius 
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where 
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Thus,  the  dependence  of  rs  on  Intensity  is  extremely  weak.  Furthermore,  the 
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intensity  distribution  is  well  approximated  by 

r  IoJoa(qO  ;  r  <  rs 

l  - -  exp[2(rs  -  r)/J]  ;  r  >  rs 

4¥rQ 

in  which  6  =  (2irn0rers)_1  and  q  =  x^x(6  +  r8)'\ 

The  validity  of  the  motionless-ion  approximation  is  readily  established.  The 
ponderomotive  force  on  an  ion  is  proportional  to  its  charge  t  and  inversely 
proportional  to  its  mass  M.  For  Ho  at  I0  ~  4.8  x  lO20  W/cma,  the  ponderomotive 
force  moves  an  ion  a  distance  -  4  x  lO'10  that  of  an  electron,  a  negligible  distance. 

A  far  larger  force  on  the  ions  results  from  the  charge  displacement  itself, 
since  their  mutual  electrostatic  repulsion  will  expel  them  from  the  beam.  However, 
the  ion  motion  due  to  this  force  is  also  small  for  a  sufficiently  short  pulse. 
Assume  that  the  saturated  channel  has  been  formed  at  t  -  0.  With  the  electrostatic 
force  on  an  ion  at  radius  r  <  rs,  given  as  F  =  2vr(ce)ana  by  Gauss'  law,  an  ion 
with  initial  position  re  has  Its  motion  described  by  r  =  r0exp(/a)  where 

exp(y,a)dy'  =  [*Carecana  (m/M)]  /a  t  ,  (g) 

a  statement  which  leads  to  the  approximate  result  for  small  displacements  of 

- - —  =  »Cafacana  (m/M)  ta  .  (10) 

ro 

At  I0  *  4.8  x  lO30  W/cma,  the  ion  migration  gives  a  relative  change  in  the  radius 
of  about  9%  after  100  fs. 

The  two  principal  mechanisms  leading  to  energy  loss  in  the  channel  are  (i) 
ionization  and  (2)  the  field  energy  associated  with  the  charge  displacement.  The 
energy  lost  to  ionization  can  be  found  by  summing  the  ionization  potentials8  of 
electrons  successively  striped  from  the  atom  up  to  the  ionization  level  produced 
by  the  field.  For  the  Ho”4  case,  with  na  =  2.3  x  10”  cm**  and  a  channel 
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radius  rs  =  2c/<op  =  1.1  iim,  ionization  produces  a  loss  of  ~  4.3  mJ/cm  while  charge 
displacement  accounts  for  ~  160  mJ/cm. 


In  the  strongly  saturated  case,  the  charge  density  p(r)  has  the  form 


f  1  .  r  <  r8 

P(r)  =  1  rs/&  .  rs  <  r  <  rs  +  6  (I1) 

l  0  ,  r  >  rs  +  6 

from  which  the  radially  directed  field  E(r)  can  be  computed  according  to 


4irena 

E(r)  =  — ®  /r0  p(r’)r'dr'  .  (12) 


By  direct  integration,  the  charge-displacement  field  energy  per  unit  length  of  the 
channel  dec/dx,  in  the  limit  I0  >  >  2.3  x  I0ai  W/cma,  Is  given  by 


Two  questions  concerning  the  stability  of  such  channels  have  been  examined. 
The  first  involves  energetic  stability  associated  with  the  splitting  of  a  single 
channel  into  two  or  more  having  a  reduced  total  electrostatic  energy.  The  second 
considers  stability  against  relativistic  self-focusing  in  the  walls  of  the  channel,  a 
mode  observed  in  recent  numerical  simulations.12 

For  appraisal  of  the  case  based  on  energetics,  using  the  approximation 

£  J,V)  x'dx'  =  1/2  J&JjfcnHl  -  d-x/x,,)2-*]3  .  (14) 

which  is  accurate  to  within  ten  percent  over  the  0  <  x  <  ^  range,  for  a  total 
power  P  *  P0  +  Pj,  we  find  that  inside  the  saturated  region 

,  _  J?(Xo,)f»V  1/  ... 

Po  -  2tI0  Sr09  Jj(qr)rdr  =  - T -  ((1  -  pi,  V'T.  05) 

2nere(pi0  /a  -  1) 


With  Eqs.  (6),  (13),  and  (15)  and  taking  the  limit  0%  >>  i,  we  find  further 


ec  p2nemc2 

=  s p ' 


(17) 


a  result  which  shows  that  the  electrostatic  energy  ec  per  unit  length  t  scales 

directly  as  the  laser  power.  Therefore,  this  energy  would  ngi  be  reduced  by 
splitting  into  two  channels  with  half  the  power.  Further  Inspection  of  Eqs.  (6),  (13), 

and  (15)  shows  that  an  even  more  stable  situation  exists  for  powers  less  than  the 

asymptotic  limit. 

The  total  power  propagating  In  the  channel  walls  is  given  by  Eq.  (16).  The 
power  threshold  for  relativistic  self-focusing13,14  is  Pr  =  knrui>2(4irnee2)*\  in 
which  k  =  1.5  x  1010  W,  so  that  the  condition  Pr  >  Pl  barring  relativistic  self- 

focusing  in  the  walls  is  k  >  mc*(4re)*\  a  provision  satisfied  by  the  result  2.2  x 

107  W  <  1.5  x  io‘°  W.  Relativistic  f (lamentation  In  the  wails  Is  suppressed  for  a 

strongly  saturated  channel. 

Several  additional  considerations  are  pertinent.  We  see  that  if  the  frequency 
”*>  exceeds  the  cutoff  In  Eq.  (4),  a  condition  essential  for  the  channel  to  form, 
then  all  higher  frequencies  will  also  be  guided.  This  occurs  because  the  index  is 

dominated  by  the  free  electrons  or,  equivalently,  the  angle  of  total  internal 

reflection  is  proportional  to  the  angle  of  the  first  minimum  of  diffraction.  Since 
all  of  the  radiation  which  fails  within  the  acceptance  angle  of  the  waveguide  will 
propagate  as  a  guided  mode,  these  channels  can  serve  naturally  as  bright  directed 
sources  of  energetic  radiation. 

Energy  deposition  rates  associated  with  such  channels  are  expected  to  be 
extremely  high.  Extrapolation2  of  experimental  energy-transfer  rates  suggests 
that  the  multiphoton  absorption  cross  section  will  limit  to  a  frequency  independent 
value  of  -  lO'20  cm2  for  heavy  elements  at  Intensities  above  10X*  W/cm2,  a  value 


near  the  Compton  intensity  in  the  ultraviolet.  For  the  holmium  case  cited  above, 
with  an  electron  density  ne  ~  8.9  x  10**  cm'*,  the  rate  is  in  excess  of  101* 
W/cm*,  a  value  far  above  that  needed  for  amplification  of  radiation  in  the  kilovolt 
region.1 

The  scaling  of  the  deposition  rate  on  the  primary  laser  frequency  u  is  strong. 
When  rs  =  2c/a>p,  channels  with  the  same  values  of  w/“p  are  analogous;  they  have 
the  same  density  and  intensity  distributions  with  power  scaled  as  of3  and  linear 
dimensions  scaled  as  «‘l.  Consequently,  power  requirements  scale  with  u'3  for  a 
fixed  deposition  rate.  When  the  channel  is  strongly  saturated,  Eq.  (16)  applies, 
and  power  requirements  scale  as  of*.  Furthermore,  higher  frequencies  generally 
allow  shorter  transform-limited  pulse  lengths,  enabling  the  ions  to  remain  motionless 
at  an  increased  power.  Summed  up,  since  the  ion  migration  varies  approximately 
as  the  square  of  the  pulse  length,  the  overall  scaling  could  vary  as  rapidly  as  u". 
Finally,  the  charge-displacement  energy,  given  In  Eq.  (13),  scales  as  of*  for  the 
strongly  saturated  case  while  the  corresponding  ionization  energy  goes  as  of*. 

Nonlinear  absorption  and  channeled  propagation  combine  cooperatively  in 
producing  conditions  favorable  to  the  use  of  intense  short  pulse  ultraviolet  radiation 
for  the  production  of  x-ray  amplification.  The  ability  to  channel  both  the  energy 
deposition  and  resulting  emission  can  enormously  Increase  the  short  wavelength 
gain  and  provide  a  natural  mechanism  for  generating  low-divergence  high  brightness 
x-ray  sources. 

Valuable  discussions  with  George  N.  Gibson  and  Xlao-Jiang  Pan  are  acknowledged. 
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